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ABSTRACT 

Three types of ground-based simulators of the X-22A aircraft are evaluated 
and compared with actual flight.   Simulator types employed were a fixed-base 
simulator with linearised equations of motion, a fixed-base simulator with non- 
linearized equations of motion, and a moving-base simulator with linearized 
equations of motion.   Evaluations are based on comparisons of pilot ratings, 
pilot comments, and dynamic response time history data.   Data comparisons 
are interpreted and discussed in terms of significant factors such as simulator 
tvpe, complexity, and physical and psychological cues. 

Several correlations among the different simulators and flight are developed in 
terms of numerical pilot ratings of specific flight conditions and tasks.   These 
pilot rating correlations provide a basis for projecting flight characteristics 
from results obtained with the simulator types evaluated.   Relative capabilities 
and limitations of the various simulators to represent flight and minimum 
standards of adequacy for specific tasks are also established for hover and 
transition. 
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FOREWORD 

This work was sponsored by the United States Army Aviation Materiel Labora- 
tories (USAAVLABS) as part of a continuing long-range program to obtain a 
better understanding of various kinds of simulators and to determine their capa- 
bility to produce data representative of the simulated aircraft in flight.   This 
report documents the work performed under Contract DAAJ02-67-C-0049 (Task 
1F162204A14233) by the Integrated Systems Engineering Department of Bell 
Aerosystems Company of Buffalo, New York, during the period from May 1967 
to August 1968. 

Mr. R. P. Smith of USAAVLABS monitored the technical aspects of the program, 
which was performed by Messrs. J. L. Michaels and H. G. Streiff of Bell Aero- 
systems Compam .  The value and scope of the program was expanded im- 
measurably by the willing cooperation and assistance of the X-22A project per- 
sonnel and pilots, who helped to expedite the initial search for flight data, 
participated in the simulation effort, and always arranged to be available for 
consultation.   Special appreciation is expressed to the pilots (Lieutenant Com- 
mander W. Davies, USN; Major I. W, Rundgren, USA; Major J. G. Basquez III, 
USAF; Lieutenant D. L. Green, USN; and Lieutenant W. R. Casey, USN), whose 
enthusiastic participation gave the datn correlations added breadth and quality. 
Special appreciation is also expressed to personnel of the Full Scale and Sys- 
tems Research Division and the Simulation Sciences Division of the NASA Ames 
Research Center for their efforts on behalf of this program. 
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INTRODUCTION 

In recent years the ground-based flight simulator has gained increasing accep- 
tance and recognition as an effective and low-cost means of solving a large 
variety of engineering design and handling qualities research problems for 
piloted vehicle developments.  Simulator usage has grown especially fast in the 
field of V/STOL aircraft, where the problems of flight dynamics are multiplied 
by the continuously variable aerodynamics and control derivatives in the speed 
range between hover and conventional flight.  Essentially all V/STOL programs 
now regularly employ simulators of various types as design and training aids. 
Simulator evaluations carried on in conjunction with aircraft development are 
being used to avoid costly downstream modifications, by uncovering and solv- 
ing potential problem areas before commitments to detail design or fabrication 
are made.   Simulators have also become recognized as powerful research tools 
for systematic study of the varied human engineering problems related to the 
establishment of flight control system design requirements and handling quali- 
ties criteria. 

While simulators are being ever more widely used for the purposes mentioned, 
very little systematic information has yet been generated to establish cate- 
gorically the realism or validity of different simulator types.  The various 
published studies in the literature are mostly independent investigations which 
report their findings as parametric data trends and relative merit evaluations, 
without relation to a frame of reference based on actual flight. In the design 
process, the results of such studies are of necessity applied on an incremen- 
tal rather than an absolute basis, and the true dynamic handling characteristics 
remain in question until finally established by flight test.  There is, therefore, 
a definite need for a quantitative determination of the degree of fidelity of the 
various simulator types with respect to actual flight, and for the definition of 
their capabilities and limitations when used in their customary engineering 
design, research, and training applications. 

The present study is part of a long-range program to fill this need by develop- 
ing sufficient data to catalog the many types of ground-based simulators 
according to their capabilities and limitations for representing the true flight 
characteristics and handling qualities of aircraft. The work reported is based 
on comparisons of data from simulations and flights of the X-22A V/STOL 
research aircraft.   Objectives of the study were to make comparisons and 
correlations of simulator results with flight for as wide a range of flight and 
simulator variables as possible from existing data, to generate additional data 
as appeared to be necessary, and to expedite the completion of this task. The 
study results provide a broad base of data and techniques aimed at achieving 
the stated goals. 
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Direct comparisons of pilot opinion data and dynamic response data with actual 
flight test results are presented for three ground-based simulator types, for a 
cor parable series of pilot tasks, in both the hover and the transition flight re- 
gimes.  Data comparisons are interpreted and discussed in terms of the sig- 
nificant factors, which include simulator type, complexity, dynamic response 
characteristics, pilot sensitivity, physical environment, and physical and 
psychological cues. 

Ground-based simulators evaluated in this study are: 

Bell Linearized Fixed-Base Simulator (BLFB) 

Bell Hybrid Fixed-Base Simulator (BHFB) 

Ames Linearized Moving-Base Simulator (ALMB) 

Wherever possible, the ibove simulators have been compared with each other 
and with flight results for the following series of pilot tasks; 

Hover Task Category 

Height Control 
Attitude Control 
Forward Translations 
Lateral Translations 
Hovering Turns 
Hover in Ground Effect 
Hover Dynamics 

Fixed Operating Point Transition Task Category 

Longitudinal Trim and Static Stability 
Longitudinal Long-Period Dynamic Mode 
Longitudinal Short-Period Dynamic Mode 
Directional Static Stability 
Banked Turns 
Lateral-Directional Dynamic Mode 
Lateral Control Response 

Continuous Transition Task Category 

Conversions 
Reconversions 
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DESCRIPTION OF DATA SOURCES 

FUGHT DATA SOURCES 

Physical Descriptloti of the X-22A Aircraft 

The X-22A Is a V/STOL research aircraft in the 15,000-pound weight class. 
Flight evaluations to date have logged over 67 hours of hover and transition in 
more than 150 flights. A photograph of the aircraft in hovering flight is shown 
in Figure 1. Important configuration features of the design include: 

Ducted propeller thrust units 
Dual tandem configuration arrangement 
Duct rotation in transition 
Control by elevens and propeller blade angles 

Two separate systems are provided for thrust control.  Data evaluated in this 
report were obtained using the collective thrust control mode, which operates 
by a collective control stick that controls propeller blade angle directly.  With 
this system, the engine control levers are used to select a power turbine 
governor rpm, which regulates the power turbine output, as in conventional 
helicopters.  The total collective stick motion available is 30", which requires 
approximately 9 inches of vertical travel at the pilot's grip.  Thrust vector 
rotation for transition is accomplished by rotating the ducts, which are operated 
by a thumb switch located on the thrust control. 

Attitude control is obtained from two independent sources of control force: 

Differential deflectior of aerodynamic flaps located in the exit planes 
of the ducts. 

Differential thrust produced by variable propeller blade angle. 

The attitude controls are operated by a conventional stick and rudder pedals. 
In the different flight regimes, attitude control is maintained by appropriate 
combinations of eleven and propeller blade angle deflections, which are phased 
as a function of duct angle to minimize undesirable control coupling (e.g., roll 
due to yaw control or yaw due to roll control)  and to provide desirable handling 
qualities. 

Pitch and roll stick force gradients are provided by an artificial feel system, 
which increases the gradients with increasing airspeed.  Pedal forces are 
primarily frictional, with simple mechanical spring forces available at the 
option of the pilot. 
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The primary aircraft control system includes a dual stability augmentation 
system (SAS), Installed in series, with limited authority which provides simple 
rate damping In pitch, roll, and yaw.  This system Is used for the lower con- 
ventional flight speeds and Is phased out at the higher cruise speeds.  At the 
option of the pilot, either or both SAS channels can be switched off. 

The cockpit flight Instrumentation consists of two identical groups of basic 
flight Instruments located directly In front of each ollot and on either side of an 
instrument cluster which monitors individual engine performance. Flight 
parameters displayed in the flight instrument groups include airspeed, duct 
angle, pressure altitude, radar altitude, Instantaneous rate of climb, attitude 
reference, situation display, propeller rpm, and time.   Engine Instruments pre- 
sent turbine rpm, torque, and exhaust gas temperature. 

Flight Test Program Status 

At the beginning of the study, the X-22A development and demonstration of flying 
qualities program had a total accumulated flight time of 18 hours for 46 flights. 
These flights had all been performed in the collective thrust control mode, and 
the tests performed satisfied a major part of the hover and transition flight 
data requirements for the first Military Preliminary Evaluation (MPE).  This 
group of tasks and flight conditions provided the initial basis for the review 
and search for comparable simulator data. Additional data acquired as the 
study progressed Increased the body of applicable data.  A significant and un- 
expected increase in the amount of useful data available occurred as a result of 
the first Military Preliminary Evaluation (MPE-1).  This evaluation was con- 
ducted by a team of military test pilots and engineers who planned and per- 
formed a series of repeatable flight tasks at representative test points spanning 
the hover and transition flight envelope.  These tests reevaluated much of the 
earlier data, expanded its usefulness, and supplied additional documentation of 
pilot rating and time history data in both hover and transition.  The Incorpor- 
ation of the MPE-1 data with the previous flight results provided a much 
broader basis for comparing simulators with flight. 

At the end of the study, the development and demonstration of flying qualities 
phase of the flight test program was essentially complete.  Accumulated flight 
time exceeded 67 hours; these figures Included 72 flights and 32 hours In the 
collective control mode. 

A representative sample of these data covering the flight envelope has been 
published in Reference 1. 
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SIMULATOR DATA SOURCES 

Data accumulated in various stages of the X-22A development were obtained 
from three separate and essentially different X-22A simulations, covering both 
the hover and the transition flight regimes. After an initial review of the data, 
the three simulations were set up and rerun to provide additional and directly 
comparable test points. 

The scope, original design objectives, and description of these simulations are 
contained in this section. Mechanization details and equations of motion are 
presented in Appendix I. 

Bell Linearized Fixed-Base Simulation (BLFB) 

As part of the X-22A program, a linearized fixed-base analog simulation was 
set up in 6 degrees of freedom (DOF)  to evaluate the hover flight regime and 
to assist in the functional design of the cockpit and control systems.  The BLFB 
simulation was mechanized so that it could be operated in reduced degrees of 
freedom and at fixed operating points in transition, as desired. Its cockpit, 
flight controls, and information displays were later used for the BHFB simu- 
lation. Results obtained with this simulation provided a rational basis for 
choosing suitable control configurations and selecting design values for various 
system parameters, and gave added insight into the aircraft flight behavior in 
hover through firsthand pilot experience.  The many design areas evaluated with 
this simulation include: 

Height control with alternate modes of thrust control (e.g., throttle mode 
and collective stick mode). 

Effect of thrust response time lag. 

Height and attitude control power and damping requirements. 

Effect of attitude and thrust control couplings. 

Hover translation and attitude control characteristics. 

Stability augmentation levels. 

Control force gradients and breakout force levels. 

Control force trim rates. 

Cockpit flight control locations and functions. 
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Additional simulations performed for this study using this simulator include 
3-DOF longitudinal operation (X, Z, Ö ) and 4-DOF lateral-directional operation 
(Z, Y, ^ , ^) at selected fixed operating points and speed-duct angle combina- 
tions in hover, in addition to extensive 6-DOF investigations in hover and at 
fixed operating points in transition. 

Bell Ifrbrid Fixed-Base Simulation (BHFB) 

The 6-DOF hybrid simulation was developed in the X-22A program primarily 
to explore the transition flight regime for potential problem areas. The pro- 
gram permits continuous flight over the entire flight envelope from VTO 
through transition, to conventional flight, and back again to hover and landing, 
with no loss in fidelity due to small-angle approximations or assumptions of 
linearized aerodynamics that are often made to simplify mechanization prob- 
lems. 

The BHFB simulation was used extensively as a design tool in developing good 
stability and control, feel and trim, and handing qualities characteristics, and 
in evaluating various flight control techniques and procedures throughout the 
V/STOL regime.  In the course of these studies, the pilots received much use- 
ful preflight training and developed a high degree of confidence in flying the 
X-22A airplane. 

This simulation was subsequently used to evaluate various aspects of aircraft 
behavior experienced in flight, and it continues to be used as a pilot training 
aid.  Some of the design areas that this simulation was used to investigate 
include: 

Height control parameters in hover. 

Development of takeoff, landing, and thrust rotation techniques. 

Control power and damping requirements and design levels in transition. 

Stick and pedal control force levels in transition. 

Lateral-directional control coupling evaluation in transition. 

Effects of control system response characteristics on handling 
characteristics. 

Piloted maneuvers and evaluation of stability and control characteristics 
in all flight regimes. 
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Rate-of-descent envelopes and safe emergency-landing footprints for 
various thrust-to-weight ratios and duct rotation rates. 

Development of optimum flight control system phasing and transition 
flight procedures. 

Piloted analyses of random control system failures. 

A photograph of the fixed-base cockpit station is shown in Figure 3. It consists 
of a pilot seat with a powered height adjustment, two side consoles, floor- 
mounted hydraulically powered flight controls, and a forward instrument and 
information display panel.  This cockpit is generally representative of the 
X-22A and was used for both the BHFB and the BLEB simulations. 

The additional BHFB simulator data used in this study were taken from con- 
current X-22A pilot training simulations performed in connection with the 
MPE-1 flight evaluation.  Consequently, control over the quality of the data and 
the precise definition of pilot tasks, required to make proper comparisons with 
other simulator data according to the objectives of this study, were secondary 
considerations which were subordinated to the primary pilot training objectives. 
Nevertheless, useful ratings, comments, and time history data were obtained in 
both hover and transition. 

Ames Linearized Moving-Base Simulation (ALMB) 

Prior to the first flight of the X-22A, a relatively brief linearized hover pro- 
gram was conducted on the Ames 6-DOF moving-base simulator with the 
primary objective of training two X-22A test pilots.  This program evaluated 
the pitch, roll, yaw, and height control handling characteristics in hover for 
thrust control parameters representing both the collective stick and the throttle 
control modes. Several visual hover and air taxi flight tasks were performed 
at FULL, 1/2, and NO SAS. 

A photograph of the simulator installation for both VFR and IFR operation is 
shown in Figure 2. The pilot station or cockpit is installed in a cab which is 
mounted on tracks and gimbals providing motion in 6-DOF, any or all of which 
can be locked out as desired. Simulator travel is limited to an 18-foot flight 
cube that is partially below ground level. Angular excursion limits are ±40° 
about all three axes. Linear and angular acceleration capability exceeds the 
ranges normally encountered or anticipated by the X-22A in hover. 

The pilot station consists of a fixed pilot seat, conventional flight controls, and 
a forward instrument panel. The simulator is normally flown under VFR con- 
ditions with the field of view limited only by the ceiling, side walls, and some- 
times the floor of the hangar when the region of the flight cube below ground 
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level it used.  For the additional ■Imulattona related to thla program, the In- 
•trument panel waa modified to repreaent at cloaely as poaalble the inatrumen- 
ution provided In Uw BLFB and BHFB almulatora, and a colleotlve atlck was 
aubatituted (or the throttle-type thruat control prevloualy uaed.  Photographo of 
the pilot atation ahowtng i-ompanaona of the flight contrula and the inatruroent 
panela of the fixed- and movlng-baae almulatora are ahown In Figures 3 and 4. 

Additional ALMS aimulationa performed aa part of thla atudy were muchai«lced 
uamg the updated hybr'J computer capahillty with linearized hover derlvativea. 
The acopo of the additional data ubuiined Includea evaluation of ground effecta, 
wind», Kuata, and atability augmentation level for a aerlea of almulated hover 
Uaka. 

u 
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A I.Ml» Flight Simulator 

BLFB and BHFB Flight Simulator 

Figure 3.   Comparison of Simulator Flight Controls, 
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A LAIB Flight Simulator 

BLFB and BHFB 
Flight Simulators 

Figure 4.   Comparison of Simulator Instrumenl Panels 
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METHODS OF ANALYSIS 

A rationale was established early In the program to facilitate the Initial data 
review and comparison.  As the review progressed, methods and analytical 
techniques were devised to guide the review and to perform the compilation, 
acquisition, correlation, and analysis of data. The rationale, methods, and 
techniques developed are set forth and discussed in this section. 

RATIONALE. METHODS. AND TECHNIQUES 

The purpose of the Initial data review phase was to establish the scope of the 
existing data, to identify common parameters, and to develop meaningful cate- 
gories for the data comparisons.  The categories of data reviewed included time 
histories of flight parameters, pilot rating data, and pilot comments. 

The basic approach taken was to search out and compile steady-state and 
dynamic response time history data, pilot ratings and comments from each 
different simulation and from flight, and to relate these for comparable values 
of the significant variables, which include flight conditions, flight task, aero- 
dynamic and systems parameters, and aircraft physical parameters. Differ- 
ences in simulator and flight results were then interpreted and discussed in 
terms of inherent differences in one or more elements of the simulations, which 
include simulator type, complexity, and physical and psychological cues. 

Factors Affecting Simulator Realism and Fidelity 

The difficulty of comparing handling qualities of ground-based simulators with 
flight is beat placed in perspective by considering the almost overwhelming 
variety of factors that require representation.  First, for low-disc-loardng, tilt- 
thrust V/STOL aircraft such as the X-22A, the low-speed aerodynamic deriva- 
tives, which are usually represented by linear functions of aircraft attitude, 
are actually nonlinear functions that also vary as the aircraft changes con- 
figuration between hover and conventional flight.  Such aircraft also experience 
large aerodynamic power effects.  Control system functions in transition 
generally require phasing to maintain the effectiveness of the flight controls. 
Hence, the control functions are also complex functions of speed, configuration, 
control deflection, and power, making the representation of control power, 
control sensitivity, control cross-coupling, and control forces more difficult. 
In the X-22A, the levels of stability augmentation and the sensitivity of the pro- 
pulsion system control also vary in transition.  Equations of motion that simu- 
late transition should accommodate both the nonlinear characteristics and 
the variations in configuration. The degree of accuracy to which these factors 
are represented, and the number and nature of simplifying approximations 
made, affect the realism and degree of fidelity of the mathematical model in 
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representing the static and dynamic characteristics of flight; the more exact the 
model, the more complex and expensive the simulation. For many design pur
poses, simplifications that minimize equipment requirements can usually be 
justified. Such simplifications inclqde small-angle approximations, .linearization 
of aerodynamic stability and control derivatives at specific operating conditions, 
reduced degrees of freedom, and fixed-base simulations. 

Other factorE: affecting simulator realism and fidelity are related to the type and 
na ure of the cockpit instrumentation. These factore are particularly important 
for IFR flight conditions nr in fixed-base simulators, where the pilot receives 
the necessary flight information and cues from visual presentations of key 
parameters which are normally perceived over wider ranges by a combination 
of visual, kinesthetic, aural, and vestibular sensations; the flight envelope of 
useful simulation is directly related to the inherent limitations of the flight in
formation presented, independent of the mathematical mod.:-1. 

Still other factors affecting simulator realism and the fideiity of dynamic re
sponse are related to moving-base simulation. These factors include the 
physical limitations imposed on the linear and angular displacements, the 
lack of realistic visual cues for higher speed applications, and the introduction 
of extraneous cues associated with th~'" operation of the motion equipment. These 
factors introduce perceptual limitations in the form of unrealistic vi.sual, aural, 
vestibular , and kinesthetic cues that can evoke distorted pilot reactions and 
negate some of the apparent advantages of moving-base simulations in certain 
applications. 

Categories of }<"actors and Tasks 

The many factors affecting the data were resolverl into two broad but essentially 
different categories: factors in common and variable factors (itemized in Table 
I). The first category contains those factors that must be controlled to represent 
the aircraft flight ~-~a vi or properly; it includes aerodynamic parameters, air
craft physical parameters, most simulated aircraft system variables, pilots, 
flight conditions, and flight tasks. The second categot"1J contains those less 
controllable factors that may or may not differ, depending on i.ndividual simu
lator characteristics; it includes most elements of the simulation, such as 
simulator type, mechanization of equations of motion, degrees of freedom, in
formation displays, physical environment, and physical and psychological r"J~s ·. 
Some of these factors can be controlled to an extent during simulator design to 
improve the realism and uniformity between different simulations of a particular 
aircraft, but most require interpretation in terms of the indhidual simulator 
type. In making the initial data review an o~ these factors were kept in mind, 
but the common factors category was foremost, since a significant discrepancy 
there would jeopardize the data comparisons. 
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TABLE I.   FACTORS AFFECTING SIMULATION FIDELITY                j 

jj                Factors in Common Variable Factors                    j 

Aerodynamic Parameters Simulator Type 

Aircraft Physical Parameters Equations of Motion                             | 

Control System Parameters Degrees of Freedom 

Feel System Parameters Information Displays 

Propulsion System Parameters Physical Environment 

Pilots Physical and Psychological Cues      1 

Flight T. sks 1 

j Flight Conditions 

Factors in Common 

In the selection and generation of the comparable data in this program, 
factors in this catego- y were carefully controlled.  As a result, there is 
an abundance of commonality among pilots, flight conditions, flight tasks, 
aerodynamic stability and control parameters, and system characteristics. 
The basis of comparison is givim in this section.  All aerodynamic and 
system parameters are based on the final preflight estimated character- 
istics of the X-22A, published in References 2 through 8.  All simulator 
data are based on nominal estimated values of the final aircraft physical 
parameters, as given in Table II. 
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TABLE n.  AIRCRAFT PHYSICAL PARAMETERS 

Weight 14,700 lb 

Rolling Moment of Inertia, ^ 15,000 slug-ft2 

Pitching Moment of Inertia, I 
J 

32,000 slug-ft2 

Yawing Moment of Inertia, I 45,000 slug-ft2 

Product of Inertia, I xz 4,650 slug-ft 

Center of Gravity, Station 312 in. 

Center of Gravity, Waterline 138.7 in. 

. 

Aerodynamic derivatives used for the linearized simulations, BLFB  and 
ALMB, are listed in Table III.   These values were developed from the 
BHFB nonlinear datn tables as equivalent linear values at the flight con- 
ditions noted. 

Estimated FULL SAS levels provided in the X-22A are compared in 
Table IV to the levels used for FULL SAS in the various simulation pro- 
grams.   Variations ranging from FULL SAS down to NO SAS were 
generally evaluated in each program to provide a convenient means of 
interpolating or extrapolating the data to a common SAS level.   This 
refinement was necessary because of differences in the FULL SAS 
levels of the existing simulator data, which came about as the result 
of periodic reassessments of pilot-recommended SAS levels with in- 
creasing flight experience in the aircraft.   These differences in SAS 
have been accounted for in interpreting and summarizing the final 
results, but the detailed data compilations presented in Appendix II 
are uncorrected. 
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TABLE m [.   AERODYNAMIC DERIVATIVES USED FOR THE 
LINEARIZED SIMULATIONS 

Derivative 
(Body Axes) 

Hover 
(« = 3.5°) 

F.O.P. 
Transition 

A=30o, V = 80kn 
(-=0°) Units 

Xu -0.233 -0.164 l/sec 

Xw 0 -0.072 1/sec 

Yv -0.245 -0.264 l/sec 

YP 
-0.774 -1.098 

2 
(ft/sec )/(rad/sec) 

Yr 0 0.842 
2 

(ft/sec )/(rad/sec) 

Zu 0.00275 -0.253 l/sec 

Zv 0.00275 0 l/sec 

Zw -0.098 -0.525 l/sec 

Mu 0.0224 -0.00326 
2 

(rad/sec )/(ft/sec) 

Mw 0 -0.00834 
2 

(rad/sec )/(ft/sec) 

MJ -0.13 -0.57 l/sec 

Lv -0.056** -0.044 
2 

(rad/sec )/(ft/sec) 

LS -0.30 -1.873 l/sec 

Lr 0.177 0.727 l/sec 

L8rp 
L«rp/V 
Nv 

0 

0 

0.0006 

0.033 

-0.00337 

0.006 

2 
(rad/sec )/in. 

rad/(ft-sec-in.) 

(rad/sec )/(ft/sec) 

NP 0 -0.025 l/sec 

N? -0.148 0.25 l/sec 

N»rs 
0 0.0192 

2 
(rad/sec )/in. 

N»rs/V 
-0.0006 -0.0005 rad/fft-serj-in.) 

* Values given are 
** This value was a 

in the BHFB. 

basic airframe. 
sed in the BLFB and ALMB.  A value o f -0.0394 was used 
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TABLE IV.    COMPARISON OF FULL SAS LEVELS (1/sec) 
FOR SIMULATORS AND AIRCRAFT 

Case Axis 

Hover 
F.O.P. Transition 
A= 30°, V - 80 kn 

Aug Unaug Aug Unaug 

X-22A 
(Est) 

Pitch -6.2 -0.13 -4.55 -0.67 

and 
BLFB 

Roll 

Yaw 

-5.S 

-2.1 

-0.283 

-0.15 

-2.1 

-2.1 

-1.9 

-0.38 

BHFB Pitch -3.45 -0.13 -3.0 -0.67 

Roll -4.5 -0.283 -1.7 -1.9 

Yaw -1.0 -0.15 -0.98 -0.38 

ALMS Pitch -6.2 
(-8.0) 

-0.13 -4.55 -0.67 

Roll -5.9 
(-10.0) 

-0.283 -2.1 -1.9 

Yaw -2.1 -0.15 -2.1 -0.38 

NOT E: 1/2 SAS - Unaug +  -^ 

Values in parentheses were used for the bulk of the ALMB 
program, on recommendation of MPE pilots who felt that 
they were more representative of the aircraft.   Lower 
values apply to Pilot H only. 
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Control powers, control travel, and feel system parameters were essen- 
tially the same as the aircraft design levels for all simulations.  These 
characteristics are compared in Table V for the hover control mode. 

TABLE V.  HOVER CONTROL SYSTEM PARAMETERS 

Control 
Axis 

Control 
Power 

Control 
Motion 

Control Force 

Breakout 
(lb) 

Gradient 
(lb/in.) 

BLFB 
& 

BHFB ALMB FLT 

BLFB 
& 

BHFB ALMB FLT 

Pitch 

Roll 

Yaw 

Collective 

2 
3.40 rad/sec 

2 
3.25 rad/sec 

2 
0.70 rad/sec 

1.35 g 

3.6 in. 

5.2 in. 

3.25 in. 

9.0 in. 

1.21 

1.13 

3.0 

0.5 

0.25 

2.5 

0.5 

0.5 

5.0 

1.0 

1.1 

0 to 
5 

0.8 

0.8 

0 

1.2 

1.2 

0 

Optional 
Friction 
Setting 
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Propulsion system thrust level, response time lag, and thrust control 
sensitivity were also based on final wind tunnel and systems test results 
for the collective control mode. These characteristics vary continuously 
with forward speed in transition. Selected values for hover and fixed 
operating point transition at A = 30°, V = 80 kn, are given in Table VI. 

TABLE VI.   THRUST CONTROL AND PROPULSION SYSTEM 
PARAMETERS (COLLECTIVE MODE) 

F.O.P. Transition 
Parameter Hover A- 30°, V = SOkn 

Tmax          lb 
19.800 14.800 

T                sec 
8T 

0.2 0.2 

•   • 
Z                 g/in. 

aT 
0.15 NA 

The list of flight conditions and flight tasks evaluated in the study was 
developed from an initial examination of the available flight data to 
facilitate a more specific search of the simulator data.  The list includes 
only well-performed flight tasks. Incompletely documented tasks and 
those considered to be inappropriate to the simulations being compared 
are excluded.  Tasks in the final list, as presented in Table VII, represent 
those for which data comparisons were made. All tasks are broadly 
covered by simulator data as a result of the existing and additional simu- 
lator programs. 
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TABLE VII. FUGHT TASK CATEGORIES 

Hover Tuk Catepry 

Hetpt Control - Holding heading 
Attltude Control - Holding attitude 
Tranalationa Forward, Aft, and Laterally at Steady Altitude 
Hoveruw Turn Performance 
Hover in Ground Effect 
Dpamlc Fltpt Taaka in Hover 

Fixed Operat!Df PolDt Tranaition Taak Category 

LoJIIltudlnal Trim aDd Static StabUity 
LoJIIltudlnal lA> -Period DyDamic Mode 
Loacttudinal Short-Period Dynamic Mode 
Directional Static Stability 
Banked Turn• 
Lateral-Dlrectlonal Dynamic Mode 

Continuoua Tranattlon Taak Cateaor,· 

Converalou at Steady Altitude 
Reeonveraiona at Steady Altitude 

Variable Factora 

The nature of moat factor• ln thla cateaory of Table Ita inherent ln the 
almulator type. IDdividually, they are dlfflcult to iaolate or to dellne in 
apeclflc term•. Hence, reaulta abould be viewed on an overall baala aa 
refiectlnl fundamental and lnberent Werencea that exlat between one 
almulator type and another or between individual almulatora and filpt. 
Theae variable factora can affect the data indirectly, by the aometlmee 
aubtle difference• ln phyaical and paychologlcal cue• which the pilot needa 
to perceive hta fllpt altuatlon and to perform hla taakl. Theae cuee and 
atlmull can stem from many aourcea, including cockpit motion, peripheral 
vtalon, cockpit environment. cockpit lnatrumentatlon, control force• and 
movementa, general noise and vibration levela, and changes in eound level 
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as the result of pilot action, the precise definition of which is the subject 
of current study by a variety of organizations and individuals. 

Since the breadth of this study precluded the isolation and evaluation of 
all of these factors individually, their impact on the results was reduced 
to a practical minimum by the exercise of control over the experimental 
design.  For example, essentials of the physical environment were con- 
figured to be the same; that is, the pilot station layout and the locations, 
forces, and motions of the flight controls wave the same in the simulators 
as in flight.  Flight information displays and their locations were also 
basically the same in all simulators. Computational differences in the 
equations of motion among the different simulators were evaluated by an 
analysis of the static and dynamic responses to pilot inputs at fixed 
operating points, as compared to flight; selected examples are presented 
and discussed in Appendix HI.  Results of this analysis demonstrate that 
there is no significant influence of the differences in the mathematical 
models among the simulators for flight tasks performed at fixed operating 
points, and that responses in the simulator agree with responses in flight, 
within the ability of the pilot to detect a difference. Other comparisons of 
control positions and flight attitude from continuous transitions performed 
in the BHFB simulator with flight results show that the nonlinearized 
aerodynamics in transition were representative. 

In addition, some of the variable factors were evaluated to a limited ex- 
tent as independent variables to aid in understanding and interpreting the 
numerical pilot ratings.  Relative effects of reduced degrees of freedom 
were evaluated independently in the BLFB simulator. Relative effects 
of cockpit motion were investigated by a limited evaluation of linear 
motion scaling in the ALMB simulator over a range from 1/10 actual 
to true motion.  Results and implications of these brief side studies are 
discussed under Analysis and Discussion of Simulator Data Correlations 
with Flight. These foregoing measures served to materially reduce the 
number of unknown influences in the final results. 

Pertinent details of the BLFB, BHFB, and ALMB simulators relevant to 
the variable factors Lategory are presented and discussed in other sections 
of the report; some are under Description of Simulators, and others are 
in Appendix I which contains details of the equations of motion and 
mechanization.  The various sources of physical and psychological cues 
and stimuli were classified into the following six categories: visual, 
aural, vestibular and kinesthetic, tactile, olfactory, and physical and 
environmental features, which are compared in Table VIII. The degree to 
which each of the three simulators represented the aircaft in each 
category is implicit in the comparisons. 
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DATA BASIS 

Data employed in this study consist of quantitative pilot ratings, qualitative 
pilot comments, and time history records of all significant flight parameters. 
Pilots providing these data were all highly trained, experier.jed handling 
qualities evaluation pilots. No single task was performed by less than two pilots, 
and many were performed by as many as seven pilots. Pilot rating results 
obtained were evaluated task by task and were interpreted in terms of signifi- 
cant variables of the study and with respect to pilot comments and an evaluation 
of the time history records. Intuitive and engineering judgments of the effects 
of pilot background and temperament were made where appropriate. 

Pilot Sample 

The pilot group consisted of the Bell X-22A test pilots and the MPE-1 Tri- 
Service evaluation team, which included pilots from each of the three service 
branches.  All of these pilots have flown the X-22A aircraft in hover, made 
complete transitions in both directions, and evaluated certain selected fixed 
operating points in the transition flight regime. The individual pilot particip- 
ation in the various simulators is summarized in Table IX.   The overlapping 
coverage provided by the use of such a broad pilot sample enhances the value 
of the data correlations by adding an Important element of consistency among 
the various simulations and flights. 

TABLE IX. SUMMARY OF PILOT PARTICIPATION 

Simulator 

Pilot                                                 j 

A B          C           D           E           F           G H           \ 

BLFB - X X 

ALMB - X          X          X           X          X           X X          | 

BHFB X X          X           -           X           - X 

Flight X X          X          X           X          X          X X         ! 
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Piiot Rating Data 

Slnce tbe numerical Cooper pilot rating scale was proposed in Reference 9 as 
a quantitative means of evaluating handling qualities, many investigators have 
sue~ sfully employed the technique to gain insight and understanding of the 
man-macht~ relationships in a wide range of flight and simulator rc:!search 
applications. Areas that have been investigated include criteria for acceptable 
haDdling qualities, design requirements for stability and control, and thresholds 
of pUot sensitivities and tolerances to specific handling qualities dynamic 
.parameters. As a result of broad usage, the Cooper scale has become generally 
accepted in the handling qualities field. Numerous studies in the literature have 
uMd thi approach and have established and expressed confidence in the validity 
of the pUot rating data , in spite of the somewhat subjective aspects of pilot 
opil\lons in general. Based on their experie ce in this line, McRuer et al state 
in Reference 10 that "In fact skill d pllots (such as the group employed in the 
present study) can deliver highly selective and reliable ~lative measures of 
system behavior" and that "these judgments ... do not exhibit the extreme 
vartabUity common to opinion polls." By using such a highly skilled pilot 
sample, thresholds of pilot sensitivity and tolerance to individual dynamic 
responee parameters that affect the handling qualities of conventional aircraft 
were defined by Newell in Rt- erence 11. That report confirms that the handJing 
q~lities evaluation comments that are given by an expert handling qualities 
evaluation pilot are directly applicable to all pilots and are not biased by any 
unusual charactertistics that might be attributed to handling qualities pilots 
as a group. The report also states the fact that the standard deviation of pilot 
ratings (for a given pilot task) is near to and often less than 1 pilot rating unit , 
aDd uaes this measurement as the deflnltlon of threshold uf pilot sensitivity to 
individual dynamic response pa:-ameters. This line of investigation was ex
tended to helicopters and V/STOL aircraft by Streiff in Reference 12, where the 
threshold of pilot sensitivity was considered to be 1/2 pilot rating unit based 
on data presented in Reference 13, which shows that individual pilots correlate 

ith the group average with an average deviation of approximately 1/2 pilot 
rating. 

The use of pilot rating data in this report as a primary source of quantitative 
handling qualities data is based on these considerations. In deriving the C')r
relatians presented between simulators and flight, pilot ratings obtained for 
any given task were averaged. Only data that could be interpolated to account 
for variables in the factors in common category were used. Good agreement 
was generally obtained among pilots for any given task, so that trends of 
averaged data are considered to be accurate to within 1/2 pilot rating. The 
variations of pilot rating data among the individual pilots for each task are 
presented in the compilations of Appendix .n. 
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Aequisition of both pilot ratings an:d pilot comments was expedlred through the 
use of a comprehensive series of pilot oebriefin.g qu.~stionnaires that were 
developed specifically to evalUP.te elementary control tasks in hover and transi
tion. A multiple-choice format cu11sisting of five relative-value adjectives for 
each task was used. An example questionnaire showing the breadth of detail 
and general format is given in Figure 5. These questionnaires proved to be 
extremely useful in gathering, organizing, and correlating the data task by task. 

Pilot Rating Scale 

The pilot rating scale used ~or these tests was condensed for the convenience of 
the pilots. The condensation was based on the revised Cooper rating scale which 
has been published in Reference 14. The actual form used is presented in 
Table X. 

Time History Records 

Continuous time h"stories of significant flight parameters were recorded in 
conjunction with all flight tasks performed, both in the simulators and in flight. 
To simplify analyses, record formats, parametric seatings, and paper speeds 
were standardized . Voice recordings of pilot comments wer e made . Simul
taneous records wer:~ synchronized and individual tasks were identified as the 
records were being made to facilitate the subsequent data correlation and 
analysis . The validity of the aerodynamic representation in the various simu
lations is demonstrated by analysis and comparison of static and dynamic 
sim ulator results with flight . Details of these analyses are gh en in Appendix lll. 
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TABLE X.  REVISED PILOT RATING SCALE * 

Acceptable/Satisfactory 

Excellent 

Good 

Good enough without improvement 

Acceptable/Unsatisfactory - Mission degraded 

Annoying - improvement requested 

Mildly objectionable - improvement needed 

Very objectionable - major improvements needed 

Unacceptable - Mission performance seriously impaired 

Inadequate for Mission - improvement mandatory 

Controllable with difficulty - substantial pilot attention required 

Marginally controllable - maximum available pilot attention 
required 

Uncontrollable - Mission impossible 

RCR 

1 

2 

3 

4 

5 

6 

7 

8 

10 

14 
* Adapted from CAL Report 153    . 
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ANALYSIS AND DISCUSSION OF SIMULATOR DATA 
CORRELATIONS WITH FLIGHT 

In this section averaged pilot rating data are summarized task by task and are 
compared with flight for each major flight task category.   Results in each cate- 
gory are discussed and interpreted with respect to pilot comments and dynamic 
response time history data. 

The broadest data coverage was obtained for the hover task category, where 
cases to compare with flight are presented for all simulators and most tasks. 
The next broadest coverage was obtained for the fixed operating point transition 
task category, where comparisons for longitudinal tasks were made with flight 
for all. simulators.   Lateral-directional dynamics at fixed operating points in 
transition are compared with flight for the fixed-base simulations; they were 
not compared for the ALMB because of difficulties experienced with its mechani- 
zation.   For the continuous transition task category, flight results are compared 
with results from the BHFB simulation because it is the only simulator that can 
perform continuous transitions at the present time. 

Summaries of tasks in each category are based on analysis of the detailed com- 
pilations of pilot rating s and comments presented in Appendix II.   Summarized 
data include appropriate corrections for any differences in SAS levels, among 
cases compared.   ResuKs represent the consensus of pilot opinion of simulated 
characteristics of the basic X-22A as compared to flight.   Significant correla- 
tions and conclusions based on trends of pilot ratings and comments with other 
variables and factors evaluated are contained in the discussions of the individual 
tasks presented and analyzed in the following sections. 

HOVER TASK CATEGORY 

Pilot ratings and interpretations of pilot comments for the series of hover tasks 
evaluated in the different simulations are summarized and correlated with flight 
results in Table XI. 

Height Control Task 

Compared with flight, overall ratings of the height control task ran approxi- 
mately 1/2 unit more difficult on the fixed-base simulators and 1/2 unit easier 
or the moving-base simulators.   Although opinion varied among individual 
pilots, the consensus was that the overall height control task, in hover, trans- 
lation, and in climb and descent maneuvers, was reasonably representative of 
the aircraft in all simulators.   This observation is substainiated by the evalua- 
tion of height response to collective stick inputs presented in Appendix III.  A 
6-DOF linearized simulation was judged to be the minimum adequate for pilot 
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training. Cockpit motion is also highly preferable, especially when handling 
qualities are borderline. 

Both the BLFB and the BHFB are consid rerl to be equivalent for the height 
control task on the basis of the pilot ratings and comments received and the 
comparisons of dynamic response time histories. The fixed-base simulators 
were considered to be more difficult to fly than the aircraft, because the verti
cal cues provided were generally inadequate substitutes for the visual motion 
cues availablt: in flight. Pilots with the most experience in these simulators 
felt that vertical rate was a prime cue, because it helped them to anticipate 
height changes, but pilots with less simulator time found it difficult to use. In 
general, pilots seemed to be able to hover and maintain altitude satisfactorily 
after a reasonable amount of practice. Performance of the task ~as imparied 
by the lack of a band support for making small adjustments to the collective 
stick which bad a tendency to drop slightly from the set position. These factors 
probably contributed to some slight degradations in simulator ratings relative 
to flight, but the effect on the data is believed to be uniform since the same 
collective stick was used for all simulators. 

The fact that the ALMB rated easier than flight is attributed to the unobstructed 
view from the cockpit that provides even better peripheral-vision cues than are 
available in the aircraft. Still another factor is an unconscious tendency of the 
pilot to maintain a tighter control loop in the ALMB than in the aircraft in his 
efforts to stay well within the confines of the flight cube. In this way, adverse 
aerodynamic effects that have been included in the simulation are prevented 
from developi~lg as they do in flight, where the unlimited flight space encourages 
a more relaxed pilot control loop. Vestibular motion cues were Judged to play 
a relatively minor role in the height control task, because vertical accelera
tions in hover are ordinarily low and were masked to a large extent by turbu
lence which was introduced by the gus~ model. Without gusts, slightly better 
ratings were obtained. 

All simulations were judged to be generally representative of the aircraft, in 
that steady hover and rates of climb and descent could be readily established 
and maintained, and there was essentially no attitude coupling with thrust con
trol inputs. As in the aircraft, height control iii translation was more difficult 
than in climb and descent because of vertical and angular acceleration charac
teristics which accompany translation and which degrade the height control 
rating by about 1 unit. 

With decreasing SAS levels, the height control task remains the same, but the 
ratings suffer a gradual erosion due to increasing levels of work load and pilot 
concentration required for attitude control. Reductions from FULL to 1/2 SAS 
are generally in a range of low pilot sensitivity, where for a wide range the 
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effect on handling qualities of changes in SAS parameters is very nearly within 
the threshold of the pilot's ability to detect.  Pilot ratings received in this range 
were only moderately degraded for both fixed- and moving-base simulators. 
For the height, control task, this degradation amounted to approximately 1 unit 
in the fixed base and 3/4 unit in the moving base.   Further decreases in SAS 
level enter the range of higher pilot sensitivity, where the differences in cues 
between fixed- and moving-base simulations are much more significant. As 
the work load increases, the pilot spends more and more time on the attitude 
control task, so that he tends to withdraw his attention from the height control 
loop and tolerates increasingly greater variations in altitude.  With the visual 
and motion cues available in the ALMS, several pilots evaluated the condition 
of NO SAS, giving the height control task an average rating that was degraded 
3 units from the FULL SAS condition. In comparison, most pilots were unable 
to fly the fixed-base simulations with NO SAS, a fact which emphasizes the 
importance of visual and motion cues at the reduced levels of damping. 

Attitude Control Task 

The summary of pilot ratings for attitude control in hover that appears in 
Table XI displays guod agreement with flight results.   Ratings for all simu- 
lators agree with flight results within ±1/2 pilot rating unit, which is ordinarily 
considered to be within the threshold of pilot sensitivity.   Because of the in- 
herently high control powers and sensitivities, attitude response to control was 
immediate about all axes; most control inputs consisted of very small amplitude 
control spikes.  In general, roll attltucr was rated slightly more difficult to con- 
trol than pitch, particularly in higher steady-wind conditions, where duct 
rotation could be used to alleviate the pitch attitude but not the roll attitude. In 
the ALMB and in flight, the procedure of trimming the higher pitch attitudes 
with duct rotation war. actually preferred by all pilots. With the fuselage 
relatively level, the pilots were better able to Judge the effects of control inputs 
and to avoid the disorieniation that occurs when pitch attitude, and bent« their 
own physical orientation, departs excessively from the accustomed norm. 

In the aircraft, the yaw axis is rated the beat control axis in hover.  The rudder 
pedals are very effective, and yaw control activity in steady hover is minimal. 
There is a slight tendency to settle in height with yaw control Inputa. but there 
is no other coupling due to yaw control. In the simulatora, the yaw axis la alao 
considered to be beat.   Ratinga in the ALMB agreed beat with flight, probably 
because of the better visual cuea and the lighter control loop required by the 
limited flight cube.  Ratings in the BLFB and BNFB average approximately 
1/2 unit worse than flight. The difference in rating la attributed to pereisiem 
difticulues «ah yaw trim drift, which is a typical cumplaint for 1FR laaka 
even for in-1 light tatka. The dxed-baae yaw control ratinga ware alao dagradtl 
becauat <»l the nature u( the yaw display, which wa« conaiderad to bt a poor and 
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unrealistic presentation.  Suggested improvements included the simulation of 
peripheral-vision yaw rate cues in some form. 

The stabilized hover task in the tix-id-base simulator was considered to be 
roughly equivalent to the moving base, despite a different piloting technique 
that was used.  The difference arises from the realistic physical attitude cues 
developed in a moving-base simulator hi steady winds (and/or during trans- 
lation maneuvers). These cues are generally helpful and increase in impor- 
tance as damping levels and visual attitude cues diminish. In fixed-base simu- 
lators, these physical cues are obtained by continuously scanning the attitude 
scope presentation.   From the ratings and comments received for near-optimum 
levels of damping, the stabilized hover task is judged to be relatively easy and 
compares reasonably well with flight, whether performed as a VFR or an IVR 
simulator task. 

With decreasing SAS levels in the aircraft and in all simulators, pilots com- 
mented on an increased level of control activity required, but they felt that for 
the task of steady hover near trim, they could compensate readily for 1/2 SAS 
levels in the pitch and roll axes without degrading their ratings significantly. 
On an overage, ratings obtained in the ALMB with gust levels judged to be 
representative of flight showed essentially no degradation in rating for 1/2 SAS; 
the ratings showed a decrement with NO SAS of approximately 3.23 rating units 
for pitch and roll control, which degrades the overall pilot rating to 6.0 from the 
FULL SAS value of 2.6.   Ratings of yaw control degraded with reduced levels of 
SAS by an amount which was approximately the same for all simulations as in 
flight; from 3/4 to 1 unit for 1/2 SAS, and from 2 to 2-1/2 units for NO SAS. 

Results of the moving-base simulation with NO SAS are generally In agreement 
with X-22A flight experience obtained in and around hover trim, and they con- 
trast sharply with performance In the BLFB and Mill H nlmulators. which were 
uncontrollable with NO SAS. As previously mentioned, this disparity in pilot 
ratings and performance points up the importance of visual and motion cues for 
flight systems with design values of dynamic parameters in ranges of high pilot 
sensitivity. 

Gust levels evslusted in the ALMB pmduced eii«cntisll> linear acceleratiunn 
and presented no attitude tonirol problem.  The higher gust levels evslusted 
»ere judged to be much stronger than those ever experienced in flight with FULL 
SAS.  Attitude response to peak gusts »as minimal and in agreement with llight 
results. At 1/2 8A8. gusts were more noticesble but still csused no psrticulsr 
problem.   Even with lbs unresltsticslly high gust levels. Ihs ALMB simulstioo 
could be down with NO SAS by msinuuning s tight control loop   Since sero- 
dynsmic coupling terms shout the ysw s^ls in lbs X-22A srs negligible, winds 
and gusts bad no particulir influence on the yaw control ratings for say lavsl 
of SAS. 
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Translation Tasks 

Both forward/'lft and lateral translation maneuvers were considered to be the 
most realistic tasks performed in all simulators, as indicated by the summary 
of pilot ratings in Table XI. In the aircraft, the task of steady translation is 
like the attitude control task of hover in a steady head or crosswind, both in 
pilot technique and flight behavior, except for the visual motion cues that 
accompany the translation. As performed in the simulators, these tasks were 
even more alike since visual and vestibular motion cues were available in the 
ALMB simulator only during transient motion and not in steady state. The 
ratings given for the translation task include consideration of the initiating and 
terminating transient response. Forward translations in flight are easy to start 
and stop. Only small control inputs are required, and aircraft response is 
immediate. Because of this rapid response, the controls resemble an attitude 
command system, and there is a tendency to overshoot and PIO without con 
scious preventive effort. Some collective control with speed change is also 
required, making an equilibrium speed somewhat difficult to achieve. However .• 
once obtained, an equilibrium speed can be maintained quite well by monitoring 
attitude. All of these behavior characteristics were represented very well in 
all simulators. Control positions and forces required to perform and stabilize 
maneuvers were very much like those required in flight. At the higher forward 
translation speeds, pilots preferred to trim the higher nose-down pitch attitudes 
with duct rotation, either to maintain a more comfortable attitude, as in the 
ALMB and in flight, or to keep the horizon trace centered on the scope pre
sentations, as in the BLFB and BHFB. Very high pitch attitudes were degraded 
relative to the level fuselage condition by approximately 2 pilot rating units, 
with nose-up attitudes being rated slightly easier to stabilize than nose-down. 

Lateral translations in the aircraft were also considered to be an easy task but 
more difficult to stabilize than in the forward direction, because the concept 
does not provide for roll attitude trim. This effect is particularly noticeable 
at lateral speeds above 15 knots, where the roll angles developed start to feel 
large and uncomfortable. In this respect, the ALMB simulation and its physical 
attitude cues is most representative of flight. The degradation in pilot ratings 
at the higher bank angles amounts to approXimately 2 units in the ALMB, as 
compared to 3 units in flight. A lack of capability for lateral stick trim in the 
ALMB was considered to be annoying, but it was generally compensated for by 
the pilots without significantly affecting the ratings. In making lateral trans
lations, particularly in the BLFB and BHFB, the pilots felt that roll attitude 
was more difficult to monitor than lateral speed. In all simulators, as in flight, 
lateral translation maneuvers were easy to start and stop. Representation of 
control response was very good, and, as in the aircraft, restraint was required 
to avoid a noticeable tendency to overshoot ·and PIO, a tendency which became 
objectionable at reduced levels of SAS. A reduction from FULL to 1/2 SAS 
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seemed to have a more pronounced effect on the ratings for lateral translations 
than for forward translations, and produced a gap between the fixed-base results 
and the moving-base and flight results that continued to widen with further de
creases to NO SAS. In the ALMB and in flight, ratings for levels between FULL 
and 1/2 SAS held approximately constant for forward translations and degraded 
by about 1/2 unit for lateral translations. These results compare to no degra
dation for forward translations and a degradation of 3/4 unit for lateral trans
lation in the BLFB and BHFB. Further reductions to NO SAS gave degr&dations 
of approximately 3 units from the FULL SAS values for the moving-base simu
lator, as compared to uncontrollable ratings for the fixed-base simulator. 

An evaluation of the effects of gusts in the ALMB indicated that, in typically 
gusty air, ratings of the translation tasks degraded by about 1 rating unit at 
FULL SAS and by 1-1/2 to 2 units for 1/2 SAS. 

Hovering Turn Task 

Hovering turns, which in flight are. among the easiest tasks, are among the most 
difficult to simulate realistically because of the large range of motion and 
peripheral-vision cues require<!. In flight, the aircraft can make 360° turns 
with ease, and the pilot can stop and bold beading at any point in turn. In winds, 
duct rotation is usually coordinated with pitch and roll control to help limit 
drift without developing excessive pitch attitudes. 

The ALMB simulation was the most realistic, but beading excursions were 
limited to ±40°. Yaw maneuvers and heading changes in this range were rated 
very similar to those performed in the aircraft. In performing the task, the 
pilots used v'sual cues exclusively; these were judged to be better than the 
visual cues in the aircraft because of the proximity of the walls and the un
obstructed view from the simulator cockpit. As in the aircraft, small pedal 
inputs produced a steady-rate turn, whereas larger inputs seemed to produce 
an accelerated turn. These characteristics are explained in Appen1.1ix lll. 

With reduced levels of SAS, pilot work load increased because the pilot bad to 
enter the loop earlier to prevent his heading from drifting. Effects of gusts 
were more noticeable with 1/2 SAS. Slight tendencies to overshoot and PIO 
were also more noticeable with 1/2 SAS, and pilot ratings were degraded by 
approximately 1 unit from FULL SAS. With NO SAS, the work load increased 
further, and the FULL SAS rating was degraded by 2 to 2-1/2 units. 

In both the BLFB and the BHFB the simulated aerodynamic and control response 
characteristics were the same but without peripheral-vision cues. The heading 
trace went off the scope at about ±30°' and additional heading information was 
provided by a second instrument which indicated a range of ±180° for making 
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larger turns. With these instruments, pilots were able to ·.::hange heading 
easily and rapidly, but they felt that the displays were not adequately represent
ative of the true flight cues. The simulator also exhibited a persistent drift in 
yaw trim, which is known to be typical even of in-flight IFR tasks. However, 
the drift annoyed the pilots and contributed to the unreal impressions of the 
displays. 

The pilot ratings in Table XI for hovering turn performance in the various 
simulators were generally good, reflecting more the relative ease of the simu
lator task than its realism compared to flight. Since the flight task is also 
easy, the ratings compare well, but for this task all simulators are considered 
to be limited. The ALMB is rated best for VFR simulation of turns within its 
limited angular travel. For IFR simulations, all simulators need improved 
displays. 

Hover Task in Ground Effect 

Results of a series of flights in the ALMB which evaluated the hover control 
characteristics in simulated ground effect, as compared to flight, are sum
marized in Table XI. Ground effects simulated include thrust, pitching moment, 
rolling moment, and yaw control moment dependencies. The summary of pilot 
ratings represents an average of the broad pilot sample used both in the ALMB 
simulation and in flight. 

Ground effect i 1 the aircraft is characterized by a high level of turbulence, 
which produces random forward and lateral accelerations. and by a strong 
ground cushion with a region of reduced or possibly negative ground effect 
slightly above. With these height characteristics, the aircraft tends to hang 
suspended a few feet above the ground and requires defin·te collective inputs in 
order to ascend and descend through ground effect. The cushion characteristic 
as simulated was considered to be fairly representative of flight, but ii occurred 
at a lower altitude and did not seem to be as strong. Pilot judgments we1·e made 
by performing hands-off vertical oscillations and general hover maneuvers on 
the cushion, as was done in flight. Attitude control techniques and rating trends 
were similar to those obtained out of ground effect (OGE). Ratings of ground 
effect without turbulence ran significantly better than flight, and the simulation 
was considered to be definitely not representative. The turbulence level in 
ground effect (IGE) was simulated with a random gust model which was evalua
ted for several gu-st levels. The lowest gust level tested provided the best rep
resentation when introduced in the x and y inertial directions. 

The incorporation of appropriate levels of turbulence greatly enhanced the 
realism of the overall ground effect simulations. Ratings for hover with turbu
lence IGE degraded approximately 1.7 units, which is much closer to the flight 
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result but still better by about 1 unit. Since this result is based on a large 
pilot sample and the ratings are consistent, the correlation shows that a deg
radation of 1 pilot rating unit should be applied to moving-base simulator 
ratings of hover IGE when appropriate levels of turbulence are used. Pilot 
rating results of simulations without turbulence should be degraded by 3 pilot 
rating units to account for ground effects. 

Effects of Motion on the IFR Hover Task 

The effects of motion cues on the realism of IFR hover simulations were ex
plored briefly and qualitatively in the ALMB simulator. Piloting tasks were 
similar to those used for the BLFB and BHFB hover tasks. The lower oscillo
scope displayed horizontal position with respect to the boundaries of the flight 
cube as well as ground velocity. A range of reduced linear motion scaling 
from fixed base to true motions was explored. In fixed-base operation, pilot 
reactions were slower than in flight because of a general_ lack of anticipatory 
cues. Angular motion alo e was a significant improvement. Hence, when 
linear motion scaling was evaluated, angular motion scaling was main-
tained in the ratio of 1 :1. Although the amount of data obtained was limited by 
a lack of time, several interesting results were obtained, and the investigation 
represents an initial effort to sort out the significant factors related to fixed
and moving-base IFR simulation. 

With FULL SAS and a 10:1 linear motion scaling, which effectively increases 
the size of the flight cube, control activity in hover was rated high to excessive, 
and on a par with BLFB and BHFB results previously obtained. No particular 
difficulty wae exp"'rien ed with the various hover flight tasks and gust levels 
evaluated. Although linear accelerations were generally too low to be felt, 
physical attitude cues were evident and were considered to be definitely helpful. 
Even with this scaling, the work load in first attempts was high, and occasional 
linear excursions covered most of the flight cube. However, both pilot 
performance and ratings improved with practice. With increasingly realistic 
ratios of motion scaling (i.e., scaling-+ 1 :1), the .hover tasks became progres
sively more difficult because larger attitude changes and faster judgments and 
control motions were required just to stay inside the smaller flight cube; once 
a large control displacement was required, it was very hard to regain control. 

It was found that the level of pilot learning played an important role in evaluating 
which linear motion scaling in IFR is most representative of VFR operation. 
Most pilots were introduced first to the 1:1 ratio of linear motion scaling, 
and ratings of the hover work load ranged from extremely difficult to intoler
able for the size of the flight cube. However, further flight experience with a 
progressive series of scaling ratios ranging from 10:1 back down to 1 :1 re
sulted in an improved hovering capability and upgraded pilot opinions. Height 
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control was a slight problem under IFR conditillns, but ty;>ical gust levels could 
be managed quite well. A :3:1 linear scaling was considered to be P.pproxi
mately as difficult as, and equivalent in work load to, the VFR task witb FULL 
SAS (although in this scale, stabilized hover was difficult with 1/2 SAS and 
uncontrollable with NO SAS). Nevertheless, with FULL SAS, ground positioti 
and height control were not particularly troublesome; as in flight, the yaw axis 
was considered to be the easiest to control. 

Whereas the BLFB and BHFB could not be controlled in hover with NO SAS, it 
was found that, at a motion scaling ratio of 10:1, the ALMB could, although the 
work load remained high throughout the flight task. Because the linear 
accelerations were essentially imperceptible in this scale, the capabiHty to 
hover with NO SAS is attributed to the presence of the pitch and roll attitude 
cues, which aided the pilot in interpreting the cockpit information displays a.nd 
anticipating the control motions required. This result has significance because 
it demonstrates that a ground-based simulator, which proyides flight cues 
through a combination of angular motion and visual instruments, can be flo}.wn 
even in situations of high pilot sensitivity and should be sufficiently repre!'~nt
.'ltive of flight to permit the evaluation of many IFR hover tasks. 

Hover Dynamics 

A summary of pilot ratings and comments for dynamic evaluations of the in
dividual control axes in hover is given in Table XII, as condensed from the 
more complete data compilations presented in Appendix II. Ratings and com
ments represent opinions of general handling characteristics in and around 
hover and of a series of carefully performed step- and pulse-type control in
putEI for each control axis. Static stability a&1d dynamic response time history 
records of significant flight parameters in each control axis for the different 
simulations are analyzed and compared with flight re sults in Appendix III. 
Based on the qualitative comparisons of Table XII and the quantitative com
parisons of Appendix III, the simulated dynamic characteristics in hover are 
judged to be in substantial agreement with flight. The dynamic characteristics 
in each control axis are discussed in the following sections. 

Height Dynamics 

Response to thrust control in the ALMB was judged to be good, with a 
height response time lag approximately the same as in the aircraft. Fixed
base simulator results were also c~:msidered to be representative of flight. 
Neither the simulators nor the aircraft exhibits any noticeable height 
damping, and there are no significant couplings due to thrust control. In 
the aircraft, a vertical oscillation.can be developed IGE. This character
istic was simulated in the ALMB but was not noticeab1e. In the ALMB, 
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degradations in pilot ratings of he ight ontro l dynamlC were obtained for 
the effects of SA < nd with gust 1 vel representative of flight. Degraded 
ratings , r duced SAS leve ls wert: actually th result of increased pilot 
conce trati n on attitude control sin ·e the height parameL rs th ms lves 
ar L naffect d b chan es in S S. These degradation amounted to 2 units 
for a ·eduction from F LL to 1\0 SAS without gu ts and a furth r degra
dation of 2-1/2 units for 0 'A ' ' th €;USts. From th con nsu of 
pilot r atings and the comp.trison of time history records of h ight dynamics, 
Figur 14, th dynamic h ight response c~arac eristics as r e resented in 
all imuln.tors are judgcci to b equi alent to the aircraft in hovering fl ight. 

Pitch D)namics 

Response to pitch contr ,Jl in and around ho er was w 11 represent d and in 
agreement' ith fli ht in all simulationl:;. With FULL SAS, th aircraft 
feel quite stable n 1 er and re ponds ery quickly to pitch control in
pu s . Th respon , f els like an attitude control system , and , although 
ther is no over , ot . th aircraft feels lik it might PIO if the controls 
ar ' mo\ed too a t. The lon er term respon e to pitch control input is 
a couplea os ill ato r ' motion invol ing attitude , height, and speed, \ ith 

entially n •utral dampin and appro}\ mat 1 an - cond period. 
Response ' ith 1 '2 A are noticeably fa s t r. Pitch dyn mics in the air-

raft with Fl L .... A" ar rated RCR --1/2 . In th ALMB, th respon e 
to pul ~ -t 1 ~ inpu ''a- nsid r r tor r pr s ntativ than pull-and-hold 
t -p pith in uts ,' h.l W"r hard r to evaluate becaus the ize of th 
fli tiht cube limtt d t . ration of th man uvers that could b perform d. 

Dynamic r spon t r 'libt rie , of both pul -ty " and pull-and-hold
type pitch input in th , ,rfPrent imulator :11 in fli ht, are compar d 
in Fi ur s 15 and 16 in A r ,, . riix III. R pon o important paramet rs 
were imilar to fli ht m a!· imula r ; th re ults confirm tl pilot 
jud m nts that th r pr : t ion of pitch dynamiC in h v r is g n rally 

uival nt to fli ht. 

Roll Dynami 

In th imulator a in th aircraft, roll and pitch dynamic in hover , r 
imilar . Th r pon to roll input in and around hover i very fa t. Th 

i mmediat t·e pon e to a 1 t ral tick input i a roll attitude . Thi 
haracteri tic \! a w 11 imulat d in ed- and moving-ba simulator . 

d-hei ht-attitud couple motion d v I d o r th 1 ng r t rm a 
in th pitch hi motion could not b fully valu t d in the A LMB 
becau e of th limit o · the fli ht cu . Th r wa no PlJ rent yawin 
motion du to la r tll peed . Re pon with 1/2 AS' a noticeably fa ter . 
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Dynamic response time history ·ecords of pulse- and step-type roll inputs 
for the different simul tors are compared with ~light in F igures 17 and 18 
and are discussed in Appendix lll. Results indica~~ that roll dynamics in 
hover were well represented. 

Yaw Dynamics 

In the aircraft, with FULL SAS, yaw control sensitivity and damping arc 
ated atisfactory. Response to small inputs is a yaw rate (RCR 2), and 

response to large steps is an ace leration response (RCR .f) . There is a 
mild but no iceabl loss of height with aw control. Respons s with l/2 
SA are noticeable faster . In th LMB si mulati.:Jr1, t yaw control re
sponse characteristic'<> were judged to b identical \ lith flight and much 
better than the repr c; •ntation in eithC' th BHf''j. or th BLFB simulations, 
which were both downrat d primarily because of their yaw information 
displays. An th r contributing factor was the FULL A value of yaw 
damping in the BHFB, which was approximate ly 1/2 of the value repre
sentative of flight. A lac k of limits on SA authority in the BLFB affect d 
only larg control input~ in the yaw axis. 

Dynamic time histor rec.ords of r sponses to rudd r pedal inputs in ove r 
he different s imulators and in flight are compared in Figure 19 and are 

.:>Cussed in \.pp ndi.: III. Results generally sub tantiat the observat·ons 
of the pilot • 

FIXED OPERATING POINT TRANSITION TA K CA TEG R Y 

For flight tasks in this category, all i latorc; ' er op rated IFR, as com
pared to VFR operation in n. ht . Because th IFR simulator ta ks were not 
directly comparable to VFR fli ht task , pilots were r uctant to give numerical 
ratings. Ther for , r ult obtained are more qualitative than in hover . Tasks 
in this category are di cus d under two subcate or s: ( 1) s: .ady fligh tasks, 
which includ longitudinal tatic tability and trim, dir ctional tatic stability 
an dih dral ffect, and bank d turn , and (2) d namic flight ta k , which in
clud the longitudinal long- a nd hort-period mode and r pon e to pitch 
controls, and th lateral- ir ctional dynamic mod and respon es to ro '.l and 
yaw controls. 

Steady Flight Ta 

Pilot rating and comm nt r c iv d for ta k 
dica that the aircraft charac ristic , in en 
in term of control orce and motions need d 
fli ht c nditi n . lnck c f pile t ri nc 

2 

in th steady flight c:ttegory in
raJ, w e ad quately r pre nted 

achiev equivalent s ady 
'" th 1 F R imulator a s found 



to have an effect on both performance and ratings, pa~t· cularly in evaluating 
region~ of low static stability. Th yaw displays were considered to be po-:>r 
and inadequate substitutes for the VFR cues that are · vailable in flight . Turn 
charaeter· sties generally were well represented in al simulators . Turn 
initiation compar ed well with flight, and control forces and motions were judged 
to be comparable. The fact that all simulators were judged to be approximately 
equivalent for IFR flight operation implies that a l"n ariz d 6-DOF fixed-base 
simulator is sufficient for pilot familiarization and evaluation of handling 
characteristics at steady flight conditions in fixed operating point transition. 
The individual tasl ... \n the s teady flight categor -;r are discussed in more detail 
in the following sect~ons . 

Longitudinal Stick Position Stability and Trim 

T e longitudlnal flight characterist ics of the aircraft at flxed operating 
points in transition are dependent to some extent on the thrust control mode 
of operation. Stick position stability charactel.'istics· vary over the duct angle 
range, but in the collective mode at duct angles below about f30 c. the y are 
neutral to slightly ncgati ve. Pilots consider the aircraft to be generally 
easy to fly but difficult to trim at a precise speed , attitude, or altitude. 
Pilot opinions of these characteristics aried wide ly in flight, from R R 
2.5 to RCR 5 . for VFR operation, the average being RCR 3. 75. Although 
considered to be s atisfactory for a VSS research aircraft, these charac-
teristics \ ere rat " Cptable or IFR operation, and pilot ratings 
received for IFR \ \ 1 r graded by approximately 2 rating units, toRCR 
6.0. 

In the simulators the tability and trim characteristics were actually very 
well represented, as shown by comparisons of tnm stick position versus 
speed and hand -off t ime hi tory records for all simulators with flight 
presented in Figure 'l and 20. In the BHFB, pil t with little or no 
experience in th airc raft f und stability and trim difficult to evaluate, 
and , although they had trouble trimm 'ng, their comm ts indicate that they 
could not distinguish the t r ue stick-po ition stability level. The BLFB and 
t1 e LMB \ ere cvaluat d by pilot with more experience, both with the 
aircraft and with IFR fi ed-b se t mulator . Although this pilot sample 
is quite limited, both th comm nts and the r tings received agree \A 'ell 
' ith flight :·esults. The results illustrat th importance of providing 
pilots with sufficient learning time in the imulator to fam liarize them
selve with ub titute flight cues, to practice coordinated control motions, 
and dev lop a profici~nt perceptive and reflexive capability, as a basis 
for sirtlulator valuations. 
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Static Directional Stabi lit) 

Pilot rat ·ngs of static directional stability were obtained by observing the 
results of rudder inputs and by the perforrnanc of steady sideslips. At 
aU Uxed operating point transition flight conditions eval ated, the a ircraft 
exhibits relatively strong stability (right pedal for nose right) be ond side
slip angles of 2 c. and positive dihedral effect (left sideslip produ ~ s righ 
roll). n the range of side ip between 2 c. , a reduced level of directional 
stability is evident . 

Th simulators were judged to be r e presentative with r e sp ct to cor.trol 
forces and motions for comparab le maneuvers . They also exhibited 
positive directional stability as in flight. Howeve r, the yf'w displays \\ ere 
considered to be poor and inadequate i 1 all simulators, and the BLFB and 
A LMB were limited in sideslip capability by equ:pment difficulties related 
to t computer and displays. Because of these proble ms, it was not 
possible to est blis a good correlation of pilot ratings for this task. 
Nevertheless, t e omparisons of pedal position versus side slip angl and 
bank angle indicate that directional stability was adequately simulated in 
the BHFB and BLFB for flight conditions in and around trim. 

Banked Turns 

The turn characteristics of the aircraft wer extensi ly evaluated through 
he transition range. In general, a greater pilot effort is required to co

ordinate turns than for most conventional aircraft. An initial adverse yaw 
de e lops if the turn is initiated with the lateral stick only, uut mooth turn 
entries can be mad by leading the lateral control with th rudder. Pilot 
ratings obtained in flight averaged RCR 3. 7. 

Pilot comments and ratings of the different simulators indicate that turn 
characteristics w re generally well represent d. In the BLFB, the response 
to turn initiation was rated normal to fast, and turn e ntry compared well 
with flight . Control forces and motions were also judged to be comparable. 
Turns with bank angles above 20° were mor~ difficult th n flight because 
of a restriction caused b equipment scaling, wh1ch was not corrected for 
lack of time. In the BHFB, turn e ntry was also judged to be comparable, 
but rudder motion required to coordinate the turn seemed low compared 
with flight • In the ALMB, the task was performed IFR, and the response 
to control motions was also judged to b approximately as in fJ ight. 
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Dynamic Flight Task Categor; 

Pilot comments received for tasks in the dynamic flight category also indicate 
that the aircraft was well represented in all simulations, and numerical ratings 
for these tasks were more freely given. A summary of the pilot 1·atings and 
comments for the dynamic flight tasks at fixed operating points in transition is 
included in Table n. More complete compilations are presented in Appendix 
11. Pilot comments or the dynamic motio s are reasonably consistent among 
simulators, and pilot ratings for all agree rith flight with in ±1 rating unit for 
all of the standard dynamic flight tasks. 

The la eral-directional mode can be excited y seve ral test techniques, including 
walking the rudder and release from a steady sideslip. The best test technique 
appears to be a cross-coupled late ral-directional spike. Lateral-directional 
comparative results for the A LMB in transition were not obtained because of 
difficulties involved with the simulation setup and a lack of suffi.cit3nt time . How
ever, the reasonable agreement obtained with the other simulators in the longi·· 
tudinal mode implies th:1t similar results can be obtained wit 1 the A LMB in the 
lateral-directional mode. 

The agreement of simulator dynamic behavior with flight is also indicated by 
comparisons of time histor ies of important flight parameters in Appendix III. 
Results imply that the representation of the aircraft dynamic characteristics in 
any of these simulators is adequate for flight evaluation and test pilot training 
purpose B. 

CONTINUOUS TRANSITION TASK CATEGORY 

The flight regime between vertical and conventional flight is spanned by a pilot
controlled procedure that conv rts the aircraft in flight from one aerodynamic 
configuration to another. Because of th continuously variable aerodynamics 
and the rapidity with which the operation can be performed, aircraft flight be
havior in continuous transitions is more time and speed dependent that at fixed 
operating points in transition. Compilations of pilot ratings and comments for 
conversion and r econversion maneuvers performed by a hroad pilot sample in 
the BHFB simulator and in flight are given in Appe ndix 11. 

In general, the BHFB simulation repre sents the important characteriRtics of 
transition flight behavior . Pilot control technique s for conversions and recon
versions, which were developed in the simulator prior to flight in the aircraft, 
were substantiated b ' actual flight experience . Pilot ratings of the simulated 
transition task averaged R CR 5 overall, which is a degradation of approximately 
1-1/2 units from flight (RCR 3 and 1/2). The difference in ratings is attrib-
ut d to the combin d e ffect of the lack of rt!alistic visual, aural, and vestibular 
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motion cues in the s imulator. The correlation is considered to be generally 
valid for projecting pilot ·atings of continuous transitions in fl ight from results 
obtained in fixed-base simulators for aircraft with handling qualities and aero
dynamic characteristics similar to the X-22A. 

Although the cor relation is significant in itself, the real val e of the BHf 'B 
simulator lies in its bility to explore ;:::ontinuous conversions and rec nversions 
to identify problem areas, and to stablish piloting techniques and operating 
procedures through ut the transition regime. An evaluation and analysis of the 
co ·related pilot comments showed that essentially the same difficulties were 
encountered and that the same piloting techniques were required in the simu
lator as in flight, for both conversion and reconversion maneuvers. 

Typical level-flight conversion and reconver sion maneuvers are performed 
using the following technique. Conversion is initiated by rotating the ducts for
ward intermittently, using the collective stick primarily as a heir,ht control and 
the pitch stick as a speed/attitude control. As forward speed bui ds, a forward 
pitch control motion is required to k·~ep the fuselage level. With continually 
increasing speed through midtransition , the collective stick is reduced to pre
vent climb. In the • , ;:,tages of conw~rsion (i.e., the duct angle range from 
30 " to 0"), there is . m r ked change in itch trim wh'ch requires a steady and 
substantial aft stick motion to hold up the nose , and an increasing collective 
stick motion is required to maintain altitude. For climb;.ng conversions, a 
higher level of collective stick and pitch attitude is maintained through mid
transition. Reconversions ar i itiated by a slow, intermittent duct rotation 
over the region of large trim change from duct angles of 0° to about 30" . Re
duced collective and forward pitch control motions are used in combination to 
control a relatively strong climb tendency associated with duct rotation. This 
tendency is relieved through midtransition, and further r educ tions in spee and 
the approach to hover require a nose - up pitch control motion and a stro in
crease in collective stick in order to keep the fuselage level and to main in 
altitude. 

In th BHFB , the lack of r ealistic visual motion ru es, and the inability of the 
altitude and vertical rate displays to pro ide adequate substitutes, made th 
collective control task to hold a ltitude in reconversi ns seem harder to manage 
than in flight. Increased realism in this area might be achieved by a visual 
represe ntation of real-wor ld peripheral cues, as mi ht be provided by a TV 
monitor, possibly but not necessarily coupled with angular motion cues. One 
pilot commented that roll control in the simulator required considerable effort 
and rated it sensitive with too little damping. This judgment might be expected 
in vie\ of the lower SAS levels present in the simulator, as compa d with flight, 
an rna be parti lly responsible for the adverse correlation. 
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In other respects, pilot opinions of the simulator and flight characteristics were 
essentially the same. In flight as i.n the BHFB, level conversions ere rated 
approximately 1 rating unit easier to pe form than level reconve s ions. Trim 
and attitude changes in the s imulator we re judge d to be :·easo ab_y repr s enta 
tive of flight. Speed response to duct rotation wa s good at both ends of the speec. 
range, making transition in ither direction easy to start and stop. On the 
average, control response s through transition were r ated normal. In fli.ght , the 
work load was rated average for level conversions nnd high for reconvers ions. 

Transitions in the BHFB and in flight were made using both rapid (continuous) 
and slow (intermittent~ thru~t rotation techniques. The r apid transition tech
nique was preferred because, by holding the fuselage leve l and controlling 
altitude with the collective stick, the acceleration or d ce leration characteris
tics produced by a rapid duct !-'otatian rate carry the aircraft smoothly through 
the center of the transition envelope with a minimum of pilot effort required to 
monitor the combination of speed and duct angle. The rapid technique was 
rated better by about 1-1/2 rating units. In slow conversions in flight , a 
tendency toward lateral PIO was noted which was not apparent in the more 
rapid operations. This effect is apparently due to the additional time spent in 
the regions of low roll-yaw dynamic stability during the slow transitions. 

In analyzing the data, it was evident that the ratings improved with the level of 
pilot learning. Most of the pilots had insufficient time in the simulator and in 
the aircraft to thoroughly familiarize themselves with the flight characteris tics, 
but they tended to give increasingly better ratings in both the simulator and l. r. 
flight as the ir proficiency improved with increased flight experience. Many of 
the observations and comments made by the military pilots are generally 
recognized but automatically compensated for by pilots more familiar with the 
simulator and the aircraft. 
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SIMULATOR CAPABILITIES AND LIMITATIONS 

He lative capabilities and limitations cf the simulators to represent flight for 
specific tasks in hover and transition are e stablished by the analyses and com
parisons of the study .. These results a e summarized in Table XIV. The mini
mum simulator judged to be sufficiently representative of flight for most 
engineering purposes is designated · M" in the table for " minimu adequate." 
More complt~x simulators that provided a furth T cg e of fidelity ar desig
nated "S" for "satisfactory.'' In general, the moving-base simulator was most 
representative f flight and is therP.fore designated " B" for ' 'best" simul tion . 
The pilot rating correlations developed in the preceding section for the various 
tasks and simulators fo r m a basis for projecting flight characteristics from 
results obtained with these ground-based simulator types. 

The Bell fixed-base simulator mechan ized with 6-DOF linearized equations of 
motion for flight at specific operating points (t:.g., hover) produc d dynamic 
response characteristics that were comparable to flight. Deficiencies in simu
lated VFR flight were r e ated to the lack of representative visual motion cues; 
however, important handling qualities characteristics were readily evident to 
trained test pilots. This simulator is therefore considered to be the minimum 
adequate simulator for most fixed operating point flight tasks in hover and 
tra~"~ s ition . This type of simulator is useful for evaluating specific problems in 
the areas of stability and control , and flight control sys tems , during the design 
and develo!Jment phases of V/STOL aircraft , and for preliminary pilot training. 

The Bell hybrid li>..ed-base simulator mechanized ' it 6-DOF nonlinearized 
::quations of motion provided the substantially inc r eased capabiJ 'ty of contin
uously variabl fl ight and control characteristics over the complete flight 
envelope. Dynamic r esponse characteristics to pilot inputs were well repre-

ted at fixed operating points as well as in continuous trans itions. This 
::. mulator was subject to the same lack of representative visual motion cues; 
howeve r, import 1 w stability characteristics, power effects, and control 
manipulations required in making continuous trans itions were representative 
and readily apparent from the cues provided. This simulator is therefore con
sidered to be the minimum adequate simulator for continuous tra sition tasks. 
It is useful for evaluating extreme excursions as well as small perturbations at 
fixed operating points, for ex;>loring the transition flight envelope fully for un
expected problems, for developing piloting techniques and procedures for 
continuous transitions, and for preliminary pilot training. 

The Ames moving-base simulator mechanized with 6-DOF linearized equations 
of motion at specific operating points produced dynamic characteristics, and 
vestibular and visual motion cues in response to pilot inputs, that were com
parable to flight. The motion provided eliminated most deficiencies present in 
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TABLE XIV.  RELATIVE CAPABILITIES OF X-22A SIMULATORS 

Simulator Complexity 

BLFB BHFB ALMB 
Flight Tasks 6DOF 6DOF 6 DOF 

HOVER 

M S B1 Height Control 

Attitude Control M S B1 

Fwd/Aft Translations M S B1 

Lateral Translations M s B1 

Turns U u s 
Takeoff, Landing (IGE) U u M 

TRANSITION 

M s s Fixed Operating Point 

Continuous Conversions and u2 
M u2 

Reconversions 

B     Best 

S     Satisfactory 

M    Minimum adequate simulator for preliminary pilot training 

U     Unsatisfactory 

NOTES: 

1.        3-DOF angular motion provides much of the improvement realized. 

2.       Rated U only for aircraft with highly complex transition aerodynamics. 
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the fixed-base simulator, especially in hover where the tasks performed were 
considered to be most realistic.   Most of this improvement was provided by the 
3 degrees of angular motion: however, adequate representation of the vertical 
tnkcoff and landing tasks required linear motion as well.   The moving-base 
simulator is considered to be the minimum adequate simulation for vertical 
takeoff and landing in ground effect. At fixed operating points in transition, 
peripheral-vision cues provided are incongruous with the equilibrium speed 
and arc therefore unrealistic.   Representative peripheral-vision cues for tran- 
sition have yet to lie developed.   At present this simulator does not have the 
capability to make continuous transitions.   It is useful for all types of evalua- 
tions in hover, and particularly for developing flight techniques for takeoff 
and landing, for evaluating ground effects, and lor advanced pilot training in 
hover. 
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CONCLUSIONS 

Three different types of ground-based simulations of the X-22A are compared 
with flight.  Comparisons are made in terms of pilot ratings, pilot comments, 
and time history data of specific flight tasks in hover and transition.  Signifi- 
cant conclusions are presented below. 

1. Hover flight tasks were rated approximately equivalent to flight in all 
three 6-DOF simulators. An exception occurred in the moving-base 
simulator at translational speeds above 15 knots when equilibrium 
was obtained by large pitch or roll attitudes.   Pilot ratings of thai 
task were approximately 1 RCR better than flight. 

2. Typical gust levels were evaluated only in the moving-base simulator. 
Pilot ratings in steady hover in this simulator compared well with 
flight.  In translational maneuvers, gusts degraded pilot ratings with 
respect to flight, particularly for low levels of damping.  This effect 
is believed to be related to limitations in the size of the flight cube. 

3. Motion cues in hover were found to be increasingly important to 
simulator realism as damping levels were reduced and handling 
qualities degraded. 

4. The only adequate representation of hover in ground effect was pro- 
vided in the moving-base simulator by using a gust model to repre- 
sent realistic levels of ground effect turbulence in conjunction with 
the representation of ground-induced aerodynamic effects. 

5. The yaw axis was found to be the most difficult axis to simulate 
realistically.  The 6-DOF moving-base simulator was most repre- 
sentative of flight.  In the fixed-base simulator, and in the moving 
base when flown IFR, cues provided by the yaw parameter displays 
were unrealistic for both steady hover and hovering turns.  There- 
fore, ratings obtained for these tasks were not related to flight. 
Efforts to improve yaw parameter displays are recommended and 
should be directed toward providing better indications of angular rate, 
preferably in the form of peripheral-vision cues. 

6. Initial investigations of IFR hover tasks in the moving-base simulator 
indicate that compared to fixed base,angular motion cues alone pro- 
duce a significant improvement in realism and permit evaluations of 
IFR handling qualities tasks including hover with NO SAS.   Linear 
motion cues have a secondary effect for most IFR hover tasks. 
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The fidelity of simulation of control characteristics and aircraft 
dynamic response in transition was judged to be adequate and repre- 
sentative of flight in all simulators. The degree of difficulty in 
performing flight tasks in transition can be related to flight in terms 
of pilot ratings. A linearized 6-DOF fixed-base simulation is con- 
sidered to be adequate for test pilot familiarization with both steady- 
state and transient flight conditions at fixed operating points in 
transition. 

The value of the fixed-base hybrid simulation lies in its abilities to 
explore continuous conversions and reconversions, to identify 
problem areas, and to establish piloting techniques and operating 
procedures throughout the transition flight envelope.  The simulator 
represents the important characteristics of transition flight be- 
havior.  The addition of 3-DOF angular motion capability to this 
simulator would provide a significant Increase in the degree of 
realism of continuous transitions, and is recommended. 
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APPENDIX I 
SIMULATOR DETAILS, EQUATIONS OF MOTION, AND MECHANIZATION 

This appendix presents the equations of motion and mechanization limitations 
for the BLFB, BHFB, and ALMB simulations. 

BELL LINEARIZED FIXED-BASE SIMULATION (BLFB) 

The cockpit flight controls and instrument panel used for the BLFB simulator 
are the same as for the BHFB.  Hence, both simulations have essentially the 
same physical limitations, which are discussed in the next section. 

Mathematically the BLFB is considerably more limited than the BHFB, as in- 
dicated by the complexity of the equations.  Aerodynamic stability and control 
derivatives for the BLFB were linearized for hover and several selected fixed 
operating point flight conditions in equilibrium transition.  This type of simu- 
lation does not provide for continuous conversions and reconversions, and the 
extreme ranges of the X-22A flight envelope where the linearization does not 
apply cannot be evaluated.  Therefore, flight tasks must be designed so that 
excursions from the flight condition stay within the linearized range of the 
aerodynamic derivatives.  This type of simulation does permit flight evaluations 
of aircraft handling characteristics (aircraft attitude control coupling, static and 
dynamic stability, etc.) in and around the fixed operating point for which the 
derivatives were evaluated. Other mathematical assumptions of the BLFB in- 
clude small-angle approximations, and ground axis velocities assumed the same 
as in body axes. 

Equations of Motion (Body Axes) 

X = -g * - w q + (X   -^Xu+Xw + Tcos \)/m (1) 0 0 o       u w 

y = g^-Ur + w p+(Yp+Yr+Y v)/m (2) 
o        o p        r        v 

Z - U q + (z   + Z | u I + Z  w + Z   1 v I - T sin X)/m (3) 
o o        u      '       w V '     ' 

p =ri    r+LvML +L        )P+Lr L xz        v p. P«.„ r ^Aero       PSAS 

+ L x      5      + L .       6      + L .       «     u I /I (4) örs    rs 5 rp    rp       5 rp     rp   J   x 

q=[Mu+Mw+(M +M )q+ M ,      &     1/1 (5) 
U W qAero       qSAS «pS   pS J   y 

56 



r -| I    p+ N v+ N P+/N + N        \ 
Lxz        v        Plr. ^„.„1 

\    Aero        SAS/ 

+ N,     a      +N,        6    u + N,     5     l/L     (6) 
6 rs   rs        ars     rs irp   rpj   z     x ' 

Flight Parameters 

h = ve-w (8) 
• m 

# = p L^' sin0 (9) 

9 = q cos»/»- r sin^ (10) 

^ = (q sin^+ r cos0) sec 6 (11) 

sin0 =0 (12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

BELL HYBRID FIXED-BASE SIMULATOR (BHFB) 

The BHFB simulation consists of two Pace 231-R analog computers and an 
IBM 7090 digital computer connected by a digital-analog data linkage system 
and programmed to solve the combined equations of motion of the aircraft, the 
control system, and the propulsion system.  The hybrid approach permits a 

sinfl = tan Ö = Ö 

cose ' 
secö 

V - U 
0 

+ u 

grd 
V 

grd 
w 

«-r - - 57.3 
o 

a=   w 

U 
o 

-= 57,3 

57 



more prvcise representation of the nonlinear data, which can be stored and 
changed independently from the control system characteristics and analytical 
expressions for acceleration and inertia coupling terms. 

A block diagram layout of the hybrid X-22A simulation is shown in Figure 6. 
The major separation between the digital and analog computational blocks is 
shown, and the data flow between the various elements is indicated. 

The digital portion of the simulation performs the following functions: 

1. Control logic for mode and subroutine selection options. 

2. Calculations of aerodynamic body axis forces and moments, and 
linear and angular accelerations. 

3. Calculations of range, cross range, and altitude rates. 

4. Computations of total velocity, aircraft attitudes and flight path 
angles, dynamic pressure, maximum thrust, thrust coefficient, 
and duct exit pressure. 

5. Calculation of total pitch, roll, and yaw control slopes. 

The analog section performs the following computations plus all integrations: 

1. Linear accelerations due to gravity and rate products. 

2. Angular accelerations due to cross-product terms and control. 

3. Euler angle equations. 

4. Control system limits and phasing with duct angle. 

5. Propulsion system and SAS dynamics. 

The simulation is subject to the limitations implied by the equations of motion 
and mechanization given below. 

EQUATIONS MECHANIZED ON ANALOG COMPUTERS 

Summation of Force and Moment Equations (Body Axes) 

u = -qw + rv - g sin ß + (u) 
DC 

(20) 
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r - '^IU!'    ' ^1 

w = -pv + qll + g cos e cos ^ + (w) 
DC 

v = -rU + pw + g costf sin^ + (v) 
DC 

(P)DC + K + PSAS j- ixz(r+qp) - (iz - y rq   + (P 

[lxz(r2-p2)-(Ix-Iz)Pr]  MQ 

Ixz(p-qr)-(Iy-Ix)PqjMr)Dc^c^ 

r-iIxz(r2-p2)-(Ix-Iz)pr|  Mq)DC - qc - qSAS 

SAS 

Control Power Equations 

Pc = ^ 
ß RY RY + Ap 

miu'DCÄRYmax "^C    RYmax 

q   = Aq 
|8 (9 

ps 
ps 

max 

raaXDC^P8max      ^^ Pitch DC 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

+ Aq 
max 

max^-  0e "e 
DC      max       max 

DC 

r   = Ar 
/3 RY ■+ Af. RY 

C ^max^^RY "Fmax       *RY 
DC max DC max 

Attitude Control System Mechanization Equations 

ps Mps 

«ps ^ps 6e v max max max 

(27) 

(28) 

(29) 
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~RY ~ 8a 
a 

= 
~RY ~a 8 

Prp 
max 

~rp pRY 
max DC 

~r 
~r 

max max 
+ 

8r ~ 
max max RYDC max RYDC 

~rs Prs 8a 
= = 

trs Prs ~a 
max max max 

~ Prp ~r rp 
= 

~ {J ~r rpmax rpmax max 

(s~.s) 11 0 ). 0 For 0 < ~52.5 

= 
psmax 11 For Jo.> 52.5° 

8 = (9o- 1\ )/3 e 
max 

= 
4.9 For>.> 52.5° 

8 = (9o- ). )/4.5 a 
max 
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ß rp 
=  (90- X)/ 30 

max 
(38) 

fttW 

mux 

The pitch and roll stick motions were mechanized to conform to the stick pat- 
tern shown in Figure 7. 

Mechanization of Thrust Control System 

Power Control Mode 

T = max 
(40) 

max 

where T        is stored in the digital computer in tabular form as a function of 
max jrp 

duct angle and forward speed, and  -*-£  is the throttle setting. 

max 
Collective Mode 

T = 
ftc  '  ßT = 0 

^MP   ~ ^T = 0 
IT where T «:0 

max 
(41) 

The collective stick sensitivity was mechanized as a variable function of speed, 
according to the blade angle travel for minimum .ind maximum thrust presented 
in Figure 8. 

Stability Augmentation System (SAS) 

The stability augmentation system was mechanized for all axes on function 
generators, which programmed the damping augmentation as a function of speed. 
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Figure 7. X-22A Pitch and Roll Control Stick Pattern. 
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Euler Angles 

^ = p + ^ sin 6 (42) 

$ =  q  cos^ - r sin ^ (43) 

^ = (r cos * + q sin <t> )/cos 6 (44) 

EQUATIONS MECHANIZED ON THE IBM 7090 DIGITAL COMPUTER 

Aerodynamic Components of the Force and Moment Equations 

(u)DC  =(CxqTS)/m (45) 

(w)DC = (CzqTS) / m (46) 

^-iJ^^v'M 

«»DC 
y  ' q 

z •• r p 
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—— 

,.i^ (51) 

V = v IT + v   + w (52) 

qT = (T/S) + q (53) 

s      HT 

a  = tan 
•l/wN 

(54) 

(55) 

(56) 

7 = sin 
-1 /h (1) 

{ = tan 
-1  c 

TT 
g 

Ground Axis Velocities 

(57) 

(58) 

(Ä )   = U (cos \p cos 0 ) + v (cos ^ sin 0 sin ^ -sin ^ cos ^ ) 

+ w(sin ^ sin 0 + cos ^ sin 0 cos <*>)        (59) 

(h)      = Usin Ö - v (cos Ö sin ^ ) - w (cos ^ cos fl ) (60) 

(R )   = U(sin ^ cos 6 ) +v (cos ^ cos 0 + sin ^ sin $ sin $ ) 

+ w (sin ^ sin 0 cos <t> -sin 0 cos ^ ) (61) 
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Basic Aerodynamic, Control, and Propulsion Data Stored in the Digital Computer 

Cx (a . X . CT ) 

Cz (a ,X , CT ) 
s 

cm(. ,x,cT) 
S 

(62) 

(63) 

(64) 

Cy (CT , a,ß ,X) 
s 

(65) 

C/ (CT ,a ,ß ,X) 

Cn (CT . a ,J3 , X ) 
s 

dC 
N 

ac 
T I fwd 

dC 
N 

a a 

(x , cT ) 
s 

(x . cT ) 
s 

'aft 

(66) 

(67) 

(68) 

(69) 

N, 

r U.cT ) 
s 

(70) 

N. 
ir-(^.cT) 

q      s 

(71) 

(72) 
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T [(o + X), 
max L vl] 

CY    (a ,\) 
P 

CJ?      [(tt + X)-CT    1 

C     (a , X) n 
P 

CY     (a  .X) 
r 

C f    (a ,X) 
r 

C     ( a . X , CT   ) 
n 1 
r s 

(73) 

(74) 

(75) 

(76) 

(77) 

(78) 

(79) 

8T aj(x,v) (80) 

Control Equation Solved by the IBM 7090 and Sent to Analog 

Pitch Acceleration Due to Blade Angle 

P maxDC     y 

dC 
+ 2 

N 
dCr 

''AX,, "''AX,, 
(—^ ^) 

ix,; 

fwd 
a =0 

ac 
-2 

N 
ac. 

V A 

aft 
a =0 

^max pitch     <rad/8ec > K       DC 

(81) 
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The pilot perceives flight cms in the BHFB by obseivlng a flight Information 
• liKplay panel slt'iated directly In front of him.  This panel contains two dual 
race oscilloscopes mounted one above the other.   These scopes can be pro- 

grammed to represent various configurations of attitude and horizontal situa- 
tion indicators.   For this program, horizon and heading information was pre- 
sented on the upper scope, and ground position and rate were presented on the 
lower scope.  Attitude scope displays are limited to ±90° in roll and ±20° in yaw. 
The ground velocity presentation used for hover is limited to ±40 kn in the 
longltudinnl and lateral dlrecitions.   This presentation was also used in the 
in in.  Additional flight parameters are displayed on 3-1/4-inch simulated 
flight instruments located on both sides of the scope display.  These instruments 
arc interchangeable to facilitate various instrument arrangements for research 
purposea. 

Although the specific parameters and ranges displayed are functions of the in- 
dividual simulation objectives, the ones most generally used are given in 
table XV. 

TABLE XV.   FLIGHT PARAMETER DISPLAYS AND RANGES 
AVAILABLF IN THE BLFB AND BHFB COCKPITS          j 

Display Range 

isarometrlc Altitude 0 to 30,000 ft 

Radar Altitude 0 to .r>00 ft 

Vertical Speed t4000 ft/min 

Airapecd 10 to 350 kn                            | 

La«-Range Air*peed -40 to 160 kn                            | 

Flight Path \ngle -20 to +40 deg 

Duct Angle OtolOOdeg 

Ai^le   i Attack -20 to 40 deg 

Percent Tbruat 0 to 160(l 

Pro|ieller rytm 0 to 3000 rpm 

Clock Time 

Raü uf Turn Full left or right 



Visual presentation of flight cues is limited to the parameters and capability of 
the visual displays as described.   The simulation tacks aural, vibrational, and 
vestibular cues.   The mathematical model is considered to be the best repre- 
sentation possible with available data.   In performing continuous transitions, a 
minor programming restriction to be observed is that conversion should begin 
at a zero or positive value of airspeed.  This restriction is essentially one of 
procedure and does not constitute a limitation to the useful transition flight 
envelope. 

Additional complexities that have been simulated include: representation of 
ground plane, ground effects, and control system lost motion and hysteresis. 
The ground plane equations were evaluated to be unjustifiably complex in view 
of the lack of aural, peripheral-vision, and vestibular cues.  It was found that 
with sufficient practice pilots wore able to develop an adequate vertical takeoff 
and landing technique without the ground plane, by using a combination of the 
information provided by altimeter and the vertical speed indicator (VSI). Since 
without a ground plane, the VSI reads negative for thrust levels less than the 
weight (i.e., unrealistic readings before takeoff and after landing), the pilot 
must provide compensation.  For takeoff, be compensates by gradually in- 
creasing thrust and speed until the VSI reads positive, which is the indication 
of takeoff.   For landing, he reduces thrust and monitors U > altimeter and the 
VSI, keeping the VSI within landing gear design limits until the altimeter reads 
zero, which is the Indication that the landing is completed.   Nonlinear ground 
effects in fixed base were evaluated to be unrealistic.  There were no dis- 
cernible effects on the performance of vortical landings and takeoff«. 

Effects of lost motion and hysteresis in the control system, on flight chsrsc- 
teristics in hover and transition, were evslusted in the simulstor. using dsta 
results from tests of the actual flight hardware. The pilots were annoyed by 
minor effects on their ability to control attitude, but in general they felt that 
the overall burden of the hover and transition work load was not increased 
significantly.  These effects were then deleted to conserve equipment.  Gusts 
were not represented in the BHFH. because, after flying the aircraft, the pilots 
felt that the simulator was already difficult enough to fly relative to ihr air- 
craft, and that the incluaion of gusts would add to the work load and would 
widen thia dispsrlty with respect to flight. 

AMES UNEARIZED MOVING-BASE BMULATION (AUIHl 

The ALMB simulation waa originally mechanitad on aaalag campuiers.  AUKuugh 
itill eaaentislly the ssme, it haa since bseo roevened to a hybrid pntgram im- 
plemented on two £AI 231-R analog cumfMiiera aad oae BAI MOO digital com- 
puter, in accordance with the Amea long-range simulator impr«*emrM protram. 
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The aircraft equations of motion and the real-time coordinate transformation 
equations are programmed on the digital computer portion. The analog com- 
puters are used to generate the aerodynamic and control forces and moments 
and to drive the simulator and the information displays.  Motion computation is 
exact and is done in body axes. Motions are than transformed into simulator 
gimbal angle, inertial space, and Euler angle drives, which are used by the 
simulator to drive the corkpit. 

The configuration of the altitude controls was generally representative of the 
X-22A. Pitch and roll stick force gradients were obtained with an undamped 
bungee feel system.  Control forces and travels were adjusted to conform to 
X-22A values.  Overall, the simulator control characteristics were similar to 
those of the X-22A and were generally acceptable. 

The attitude control stick moved easily and smoothly and returned to center 
quickly when released. A pitch and roll attitude trim switch located on top of 
the stick was not operative.  However, a duct rotation switch on the collective 
stick was used to trim pitch attitude when desired.  This trim characteristic 
differed from the X-22A, which can trim stick forces in any stick position; the 
difference does not constitute a significant simulator limitation. 

Rudder pedals operated smoothly and stayed where set because there was no 
pedal force gradient or positive centering. Pedal breakout and friction forces 
were generally similar to those of the X-22A in hover; the X-22A has usually 
been flown without a force gradient in yaw. 

The collective stick was mounted on the left side of the cockpit as In the air- 
craft.  Because there is an appreciable variation with forward speed of power 
applied per unit of propeller blade angle in the X-22A, the control sensitivity 
of the collective stick increases significantly.  These characteristics were 
accurately represented in the simulator by using appropriate values at each 
fixed operating point flight condition investigated, but the linearized collective 
stick sensitivity gradient, with respect to speed, was assumed to be negligible. 
This simplification has no significant influence in hover and transition for the 
range of speeds away from trim investigated. 

The ALMB used essentially the same equations of motion, hover derivatives, 
and system characteristics as used for the BLFB, and it has the same inherent 
mathematical and information display limitations.  Aerodynamic stability and 
control derivatives were linearized from the nonlinear data as programmed in 
the BHFB simulation. 
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The essential differences between the two mathematical models are the glmbal 
drive equations and the wind, gusts, and ground effect models, which were 
included primarily because of the ALMB motion capability. Other difference« 
between the mathematical models are that in the ALMB, angles are calculated 
without using small-angle approximations, and body axis motions are trans- 
formed into the inertlal space axis system to operate the glmbal angle drives. 
The following equations of motion are written as programmed for the ALMB 
simulator. 

Equations Mechanized on Analog Computer 

Equation of Motion (Body Axes) 

XA=XA/    = (x   +X u+X  Aw + T cosX)/m A        A/m     x   o       u        w 

Y*   = Y. -     =  (Y v  + Y p  + Y r)/m A A/m v p r 

Z     =  ZA.    =  (Z   + Z |u|+Z  w +  Z   Ivl -TsinX)/m 
A A/m o       u    '      w v1   ' 

^A  = LA/I . =hv + L p + Lr + L,       P+L,      i 
PA r ^GAB * I Aero SAS rs 

+ h      5rp+L«       «   u + L(h/D^)|/Ix 
rp rp 

u -] 

(87) 

(88) 

(89) 

(90) 

4*=M*/T    =(M+Mu + Mw+M q  + M        q 
A A/Iy 0       U W qAero ^SAS 

rs rs 

where   K-,,  = f (h/D) 

T/m  =  (Tp /m)  ißc'ßTs0)[l   +  f(h/D,/9)l 

where  T/m is zero for ß    <, ßT _ n 
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(91) +  M  (h/D,<M  +   M^      i    )/l 
ps 

rA=NA/T=(Nv + NP  + N r  +  N        r 
A A/Iz v P rAero rSAS 

+ N«       «rp^GE^N«      Jrs+N,       «rs u)/Iz       (92) 

rp 

(93) 

———— 

.w.^.     n       Hiaia, i   ■   -   ■--- 



Equations Me chanized on Digital Computer 

.. .. 
X = XA g sin fJ + rv - qw 

.. .. 
y -- YA + g cos8sin ~- rU + pw 

.. .. z = ZA + g cosflcos~ + qU - pv 

- Cz 
- I ) I 

• • I Y qr + ( tz) <r + qp) p = PA 
X X 

I - I I . . 
_ ( x I z_) rp +( ~z) (r2 2 q = qA - p ) 

y y 

I - I , I . . 
-(YI x)pq ( xz) • r = rA + I <P 

z z 

q, = p + tan fJ ( q sin ~ + r cos ~) 

. 
fJ = q cos ~ -r sin ~ 

• 
1/1 = (r cos~ + q sin q, )/cos fJ 

A = tan -
1 (ij) 

d = tan-1 ( Ju2 

v = I u2 
+ v

2 2 
+ w 

Body-Axis- .o-lnertial-Axis Transformation 

- qr) 

(94) 

(95) 

(96) 

(97) 

(98) 

(99) 

(100) 

(101) 

(102) 

(103) 

(104) 

(105) 

All computations are done in body axes and transformed into inertial or groom. 
axes thr·ough the following matrix. 
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cos ^ cos 8 sin^cos 0 

cos^sinfsin^    cos^cos^ 
-sin^cos^ ^sln^slnSsln^ 

-sin 9 

COBtf 8ln0 

Body 

cos^sinflcos*    8ln^8lnScos0    costfeos^ 
f sin ^s In* -cos^sln* 

(106) 

Inertial 
(Ground) 

Transformation of Winds and Gusts 

Winds and gusts are Introduced as velocity inputs In the Inertial axis system 
and transformed Into the body axes by the following matrix. 

U 

w 
Inertia 

coslcos^ sin^slnfoos^    sln^sln^ 
-cos* sin ^ +co84sln0co8^ 

cos9sln^ 

-sin* 

cos *co6 ^ cos*sln9sln^ 
>8ln*sln9sln^  -sln^cos^ 

8ln*cos9 cos* cos 9 

U 

w 

(107) 

Body 

Representation of Winds and Gusts 

A gust model developed as the result of automatic landing system studies was 
used In the ALMB to simulate low-altitude and ground effect turbulence. This 
model expresses the gust power spectral density as 

2 2 2L a 
PSEKW ) = —r 

8 wV 
g 1 

Hr)<Jw+1) 
(108) 

Early trials used a value for rms gust velocity,  <r_, of V/4, which was unani- 
mously judged to be much more severe than ever experienced in flight. 
Further evaluation at lower values of <r  Indicated that V/8 to V/10 Is a 
better approximation of actual conditions; these lower values were used 
throughout the program. 
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APPENDIX ': 
DATA COMPILATIONS OF PILOT RATINOS AND COMMENTS 

This appendix contMns complUtlons of Individual pilot ratings and commenta 
from the various almulatlons and flights (Tables XVI through XXV). Data are 
claaalfled In major categorlea by flight regime and compiled in subcategorles 
by flight task so that »here la a task-by-task relatlonahlp between almulator and 
flight resulta. The data presented were compiled directly from the raw data 
and have not been adjusted or Interpreted for differences In FULL SA8 levels 
between simulations which are listed In Table IV. 
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TABU XVI.  COMPILATION OF PILOT RATINOB AND COMMENTS FOR HOV£R HEIGHT CONTROL 

mm 
(•DOT) 

■LTB 
uoor» 

ALMB 

fULL 

l/J 

fULL 

l/J 

nil 

nn 

I/J 
n I.L 

PULL 

1/2 

PULL 

l/l 

PULL 

1/2 

0 

PULL 

1/2 

PULL 

1/2 

RCR 

J.I-4 

4» 

J-4 

4-S 

l.t-4 

il 

2-J 

J-4 

PlkM Commaitt 

H«i«M ouMml comparibl* to ilrcraft but fllghlly mor« dlHloull, probibly du« to concentri'lon 
un Mlllud«.  LIM «(fort U> climb than to traiulil«, «Inc» thruil rsqulred virlci with ipead. 
Simulttor r«MmbUs tlrorill but raqulra* mor« thrutt otanit with apefd. Initiation and •'.«bi- 
luatlon ol climb and daacant ware comparabla to aircraft. Tandancy to ovarahoot or PIO. 
Tarmlnatlon aMRMd alow oomparad to flight and waa ratad Infarlor. There waa a allihi 
tandancy to ovarahoot but no tandancy to PIO. 

Noticeably laaa altlluda damping.  More difficult with 1/2 SA3. probably due to concentration on 
anltuda. 

Similar to aircraft. Cllmba and daacanta ware Initiated and atablllied quickly In a manner 
almllar to tha aircraft with no intaractlona in pitch and roll. Vertical rataa eaally arreated 
(RCR 2-JI. Daacanta were mora difficult to atop In the almulator (RCR S).    The tendency to 
overahool the targat altitude waa ob)actlonable and reaullad In a mild tendency to PIO (RCR 4). 

Thruat control activity la high In turn manauvera and lateral tranalatlona, With 1/2 SA8, more 
concentration la required (RCR S).  Thruat reaponae and overall performance of climb and 
deacent average (RCR SI. Slight ovarahoot In climb and objectionable ovarahoot In deacent. 
Tendency to HO.   Pilot able to oompenaate. 

Same general commenta aa for • DOP.  Climb and deacent poaalbly eaaler due to fewer degreee 
of freedom. 

Slight degradation with 1/2 SAS but not enough to affect ratlnga.  Climb and doteent with 1/2 SAS 
not aa difficult aa t OOP. ,  

J-DOP laak uaraallatlcally aaay. Sama general commenta and ratlnga is (or 8 DOK for FULL 
and l/l SAS 

Similar to aircraft, oollaotlve poaltlon for hovor uncomfortable, no attitude Interaetlona with 
collective noted. Collactlve would not atay where eet, making laak more difficult than In 
aircraft (RCR 4). 

Thruat control Inferior due to poor combination of collective friction and aenaltlvlty. alao nome 
Ire« play. No appreciable degradation with guata. 

Slight further degradation with guata (ARCR ■ -1.0) 

Thruat control activity aaceaalva and altitude control Inferior. Major pilot effort required to 
hold tt ft. Height damping mora noticeable In almulator than In aircraft, n   reaponae to 
collective atap almoat Identical to aircraft.  Change» In pitch attitude due to thruat control are 
anull. 

Arduoua taak with winde plua hlgh-lntenalty guata.  No attitude coupling with thruat. Ouata maak 
vertical acceleration cuaa due to control. Initial reaponae to climb and daacant commanda rated 
normal with auperlor vertical rate atabllltallon (RCR 3). Ability to terminate cllmba and 
daacanta waa average, with alight tendency to ovarahoot and no.  With winde and guata, ovar- 
ahoot and PIO tendanolea were objectionable (RCR «). 

Increaaad pilot effort over 1/2 SAS.   8-kn head wind and minimum guat levela controlled. 

Height control eharactarlatloa ratad normal.  Climb and deacent Initiation, level-off, and control 
reaponae rated average.  No tendency to overahool or PIO. 

Rating given la without guata. Rating with guata la degraded to RCR 6. 

Rating given la without guata. Rating with guata la further degraded to RCR 8. 

Simulator waa more reaponalva to down collective and eaaler to get a aatlafaotory deacent rate 
In than aircraft. Slight Incraaa» In vertical rate damping would redu»« pilot effort and improve 
rating.  Control activity waa allghtly above a good helicopter, but even moat hallcoptera require 
too much effort for RCR S. 

Aa SAS dacreaaea, height control laak ramalna the aama, but becauae pilot ooncantrataa more 
on attitude control taak, wider varlatlona In height are experienced at reduced SAS levela. 

Thruat control activity for hover rated low, altlluda control auperlor. Dead band In collective 
atlck near trim la unraallatlo. Ability to Initiate cllmba and daacanta rated auperlor due to 
faat reaponae to control Inputa. A mild tandancy to overahool final altitude reaullad In alight 
PIO tandancy. Ability to level off ratad average. 

Thruat control activity rated normal; altitude control average. Climb and deacent taak rating 
downgraded approximately 1 unit from full SAS. 
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TABLE XVI (CONT)                                                                                                     1 

Case SAS RCH Pilot Cotntnonl 

BHFB FULL 

Fl'LL 

FULL 

FULL 

0 

FULL 

FULL 

4-5 

4-5 

5-6 

7-8 

3 

A 

B 

C 

D 

D 

E 

F 

Insufficient cues, best cue la vertical rate. 

Height control activity rated excessive.  Task nude more difficult by lack of hand support. 

Altitude very difficult to hold without concentration.  Collective control will not stay ttt. 
Vertical control axis rated Inferior to average. 

Height hard to Judge due to insufficient vertical cues.  Attitude Interactions due to thrust control 
are minimal. Height control and ability to control rates ol climb and descent rated Inferior 
with FULL SA8. 

Height control and ability to hold rates of climb and descent rated poor with NO SA8 

Ability to hold altitude poor, ability to climb and descend sverage. 

Height control rated normal as compared to aircraft.  No problem In climbing or descending. 

Flight FULL 

FULL 

FULL 

FULL 

FULL 

FULL 

FULL 

2 

3-4 

5 

4 

4-6 

3-4 

B 

C 

D 

E 

F 

G 

H 

Height control average.   Lack of centering In collective noted. Ability to climb and descend 
rated average. 

Pilot developed a damped vertical PIO of large amplitude which he attributed to combination of 
poor visibility, collective stick sensitivity, and lack of power Indicator. 

Accurate control of rate of climb and descent rated poor to Inferior (RCH 4-5),  Difficult to 
control climb through ground effect (RCR 4). Rale of descent still harder to control (RCR 5). 

Height control poor;   prolonged effort to stabilize. 

Control within *3 feet la relatively easy task.  Tight height control (il ft) Is difficult (RCR 6). 
Slight increase In activity with fwd or lateral speed ( APR = -1.0).  Very good thrust response. 
Rates of climb and a.'seent can he established and held or stopped as required for typical 
flight maneuvers. 

Height control act.vlty high. Controllability rated Inferior to average (RCR 4-«). Difficult to 
control vertical rates and altitude OGE, possibly because of poor visibility at high hover height 
ilonn. Inferior to average. Descent rate hardest to control (RCR 4-6). Controllability deteri- 
orates further IGE.   PIO developed twice (RCH (i). 

Requlrea attention to maintain height. Not too much variation of height with speed in and around 
hover.   Ability to initiate and stabilize climb   and descent rated average.  Ability to terminate 
rated inferior for climb (RCR 3) and superior for descent (RCR 2). No tendency to overshoot 
noted in descent.  Overshoot tendency In climb Is mild.  Slight tendency to no rated RCR 4. 
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TABLE XVII,  COMPILATION or PILOT HA TINGS AM) COMMENTS KOR HOVEH 
ATTITUDE fONTHOI. ACTIVITY (PITCH. ROLL, VAW) 

cu* All! 

BCH 

I'll Ml Cnmtnetit 

«AS 

Pull i/a 0 

BIKH 
(•DOf) 

P 

n 

Y 

2 

.1 

4 
; 

r 
F 

r 

RcprnenUllve nf X-22A In pitch and roll. 

Slmulntnr difficult to trim In yaw. 

p 

R 

Y 

3 

3 

i 

- 

H 

H 

H 

Pitch activity minimal for hover, cllmh, and dement; low for forward and lateral 
truilttlwM, 

Roll activity minimal for hover, climb and descent, and forward translation, In- 
creaalnf to high for lateral tranalatlnna. 

Yaw la more difficult to keep within i5   than aircraft, and activity In high for 
lateral tranalatlona. 

BLFB 
(3DOn 

P 

R 

V 

3 

3 

3 

3 

3 

3 

- 

F 

F 

F 

Sll|ht degradation In handling qualities with 1 '2 SAS but not enough to affect Cooper 
ratings. 

P 

n 

Y 

2 

3 

4 

2 

3 

4 

- 

II 

H 

H 

Unreallatlcally easy; minimal pitch activity in climb and descent.   No interaction 
due to power. 

Roll activity low for climb and descent, high for forward translation, and excessive 
for lateral translation with 1 2 SAS. 

Yaw control activity is high, particularly for lateral translations with 1  2 SAS. 

ALMS P 

R 

Y 

1 

I - - 
B 

B 

B 

Very similar to actual aircraft.  No control Interactions of any significance noted. 

Control activity minimal In all axes with FULL SAS 

P 

R 

V 

2 

2 

1 

4 

4 

3 

- 
C 

C 

C 

Pitch and roll activity rated normal with FULL SAS; high with 1/2 SAS. 

Yaw activity rated minimum to low with FULL SAS;  normal with 1/2 SAS 

P 

R 

Y 

3 

3 

2 

3 

3 

3 

5 

S 

5 

F 

F 

F 

Guat levels generally too high.  Aircraft not nearly as sensitive to gusts.   Rest 
representation of average flight condition is 1 /2 low level gust. 

Slight degradation of handling qualities in ail axes with 1 '2 SAS. 

Gusts degrade ratings to RCR 6 for 1  2 SAS and RCR 1 for NO SAS. 

P 

R 

Y 

3-4 

3-4 

1 

4 

4 

4 

6-7 

6-7 

4 

G 

G 

G 

Pitch and roll control activity rated high.becoming excessive as SAS decreases.  No 
couplings noted fRCR 1).  Attitude response very fast in pitch and roll.   Attitude 
control rated average near trim.  Speed control rated poor due to lack of force 
trim.   Noaeup easier to control than nosedown which was more uncomfortable 
and harder to determine proper input to correct disturbances. 

Yaw control activity rated minimal. 

P 

R 

Y 

2 

2 

2 

4 

4 

3 

- 
H 

H 

H 

Low activity with FULL SAS and high with 1/2 SAS 

Same as pitch. 

Minimal with FULL SAS. Increaaing to normal with 1/2 SAS. 

BHFB 4 

5 

3 

- 
A 

A 

A 

Pitch control activity rated normal for hover task; no unusual control couplings. 

Roll activity high due to lack of physical cues. 

Best control axis; excessive trim drift. 

P 

R 

Y 

3 

3 

6 

- 

- B 

B 

B 

Control activity for both pitch and roll was rated low.   Spot hover relatively eaav. 

Slight tendency to cycle lateral control In PIO of 2 cps which disappeared with 
practice. 

Yaw control task made unrealistically difficult due to nature of display.   Vaw ac- 
tivity rated excessive. 
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TABLE XVn (COST) 

Cane Axle 

RCR 

Pilot Comment 

SA8 

Full 1/2 0 

BHFB P 2-3 2-3 S C Ability to hold forward speed average. 

R 3 4 6 c Ability to hold lateral apeed inferior. 

V 2-3 3 3 c 
•UWtlnd, 

P S - 7 D Pitch activity rated normal; control croaa-coupllnga low In all axai. 

R 7 - 9 D Roll activity rated eiccesalve. 

Y 6 - 7 D Yaw control activity rated high. 

P - - - E Pitch control activity rated high, ability to tranalate average. 

n - - - E Roll activity rated exceaaive. 

Y - - - E Yaw control poor and not considered to be representative of aircraft due to display 
and trim drift. 

P 3 - - F Ability to hold forward apeed average. 

R 4 - - F Roll control task slightly harder when stabilising heading off-wind. 

Y 3 - - F Yaw trim difficult to achieve; othenvlae, control activity to hold heading average. 

Flight P 1 - - B Steady hover was relatively easy.   Pitch activity waa rated low.   Pilot effort In 
roll and yaw rated normal. 

P 3 C Pitch and roll activity normal OGE and high IG?. 

R 3 - C Yaw due to roll control considered to be normal. 

Y 2 - - C Yaw control in ground effect slightly higher.   Height and roll coupling due to yaw 
control rated low. 

P S 6 8 D Visibility for spot hover limited by high forward Instniment panel.   Pltcl. aliitudr 
trim with ducts (RCR 3). 

R 5 - 5 D Roll control sensitive; high pilot effort in this axla.  Poaaibly alight right yaw wits 
left roll rate (RCR 3).  No yaw due to lateral speed (RCR 1). 

Y 3 - 5 D Mild loss of height with yaw inputs.   No 8A8 ratings are for very low fwd and 
lateral velocities (i.e., stnsll Influence of seropropulsive speed deiivatlvea). 

P 2 - - E Attitude and directional controls very effective; minimum effort required In steady 
hover. 

R 2 - - E 1 

Y 2 - - E 

P 

R 

Y 

3 

3 

3 

. 

- 

F 

F 

F 

Attitude relatively easy to maintain.   Yaw axla la best. Control more difficult ICE 
in pitch and roll (RCR 5) and yaw (RCR 4). 

P 3-4 - - G Pitch activity rated normal; roll nonnal to high and yaw normal to low. 

R 4-5 - - G Aircraft easy to control, but very fast attitude response Is somewhat undesirable. 

Y 3 - - G Pitch and roll ratings degrade IGE to (RCR 5) and (RCR 7).  Yaw rated same ICE. 

R 3 - - H Pitch control activity rated normal with some tendency to overpower SAS, 

R 2 - - H Roll control activity for ateady hover task is low. 

y 3 - - H Yaw control rsted normal. 
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TABU XVDJ. COMPILAnON F PILOT RATINGS AND COMMENTS FOH , URWAHD 
TRANSLATIONS (CONTROL OF PITCH , ATTITUDE AND SPEED\ 

c ... SAS RCn! Pilot Comment 

BLFB PULL - F Tbruat ella..., with speed blaher than In alrcrart (I.e ., Increase power to lncreaae llpf!ed) . 
(I DOF) I 

1/1 - F Sllllulator lo•' • control of altitude In rapid aft tnnelation. 

FULL 3 H Aven .. for epeed control and euperlor for atUtude control . Fast Initial r Japonoe with a mild 
O¥ereboot and allabt PIO tendenclee on recovery . Requ i res lncrea!le In th-u81 with speed to 
bold altitude . -

BI. FB FULL 3 F Normal reaponae to contro l ; no tendency to overshoot o r PIO. 
(3 DOF) 

1/2 3 F Very little difference from FULL SAS. Pilot compensates when cont r<> l task Is simplified . 

FULL 2 H Unrealistically easy. Fas t response to pitch control with mild tendency to overshnnt a nd PIO 
but not objectionable . 

AJ.KB FULL 2 B Rail• appllea In and around hover . lncreaeed pilot cotropenaatlon requ tred with Increased 
atUtude to overcome PIO tendencies . ne.rade rattnas by ~PR ~ 2.0 at I = -25° . No deKnda-
lion II duct trim Ia uaed . Initial reaponae to control was nted slow. althou1h ability to initiate , 

B atabllln, and terminate tranalationa was r«ted superior . 

FULL 3 c Good almulation of airplane . Overshoot and PIO tendencies s liKhl to m i ld (RCR 4) with 11u•ta . 

1/2 4 Ovenboot and PIO tendencies mlld to objectionable (RCR 4) with austs . 

FULL 2-3 E Rearward attitude exceaalve for velocity . Simulator seems tu arccle nte beyond pol t where 
alrcnrt •hoold reach •teady alate . Superior ability to initiate translati on bat termination 
Inferior. Objectionable tendency to overaboot results In mild PIO tendency (RCR 4) . 

1/2 3 F Same comments u above . Gusts further de&nde ratina !RCR 5) . 

FULL 3 F Similar to alrcnft. Ducts ueed to trim at ht1her forward llpf!ed8 . No ove rshoot te ndency . 

1/2 3 Sli1ht de1ndation WilhoUtiUSla . De1rade to RCR 6 with costa. 

FULL 3 G AttltuJe control taak resembles alrcrart. Static match appeared to be good . Dllfl cult to stabllite 
apeed with allck poalllon near trim due to breakout. Better away from trim . In itial response to 
control t..,ut nted very faat (RCR 5). Pulse-type control (I.e .. pulse to 8lart pitch change and 
equal oppoalte pulse to atop) uaed to make attitude chanpa 1ave tendency to overcontrol (PIO) . 
Did not like it . Forward acceleration and llpf!ed control uatna duct r otation quite nice ; rated 
auperlor to averap (RCR 2-3). Response to auats (RCR 1) . 

1/2 4 G 

0 6-7 G Pitch attitude with NO SAS controllable near trim ual• pulee-type control (RCR 4) . Much mo re 
difficult away lrom trim (RCR 6) . Noaeup outer than noaedown whic h was more uncomfortable 
and harder to determine proper control l..,ut to correct disturbencea . RCR 6 near tr im and 
RCR 7 away from trim. 

FULL 2-3 H Superior apeed control and Initial att itude/epeed reaponee . Mliu tendency to overshoot and PIO. 

1/2 < Fast initial reaponae to pitch control. Ability to terminate trans lation •• Inferior with objection-
able tendency to overaboot and PIO (RCR 5) . 

BBFB FULL 3 B Averap for bold!• pitch attitude and steady forward apeed . Steady translations In calm wind 
(RCR 2) . 

3 c Ability to control fo rward apeed and attitude nted inferio r to average . lncreaslniiY worse a s 
SAS Is reduced . 

2 D Ability to bold apeed once attltode Ia achieved Ia rated Auperlor . Marked de11radation with NO SAS 
(RCR 6) . 

- E Ability t<> translate and mainta in forward speed rated averap . 

3 F Tnnalationa can be made at ateady forward apeeda without dllflcuity. 

Fltaflt FULL 2 B Ability to make forward translation Ia averap . 

2-3 c Rated ·for atlck control. Duct rotation not ueed . Initiation and termination rated superior . 
Stablllzatior rated aven,e . Sli1ht tendency to small-amplitude PIO at 1 cp• . 

3 D SUck poeltion demands a l'nearlzed velocity, but task nted Inferior becauae control eena ltivlty 
makea attitude bold taak difficult. Objectionable PIO noted (RCR 6) . Task without attitude bold 
requirement nted auperior to excellent (RCR 21. Hel&ht pin noted with forward apeed (IICR 4) . 
No...., pitcbl• moment (RCR 5) and belpt pin (RCR 4) noted with Increased forward speed. 
Bolli undealnble for hover. 

3 E Forward stick and duct rotation botll lncreaae forward speed . Pilot prefe r • duct control (RCR 2) . 
Duct buu beard and felt at 4 ~ 80° and V : 20 kn . Nolae level very uncomfortable . 

3 F Tnnalation eeally accompllabed . . Hicb noeedown atUtudea uncomfortable . Preferable to rotate 
ducta for trllll If epeed Ia to be maintained fo r any le•th of ttme . Speed control Ia IOOd . 

4 G Avenae to superior to atart and atop . Harder to maintain eteao.!y over lone distances. Dellrades 
IGIJ: (RCR 1). 

3 H Ability to Initiate trualaUoa ratad lltferlor (RCR 4) . Ability to atablllze trim and termination 
~IItty everap (RC.R 3). Fut Initial reapoeae , witll all1bt tendency to overaboot, but no PIO 
..-cl (.RC.R 2) . 
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Cue 
BLFB 
(6 DOF) 

BLFB 
(3 DOF) 

ALMB 

BHFB 

Flli!ht 

TABLE XlX. 

SAS RCR 

FULL 3 

1/2 

FULL 

1/ 2 

FULL 

1/2 

FULL 

1/2 

4 

3 

4 

3 

3 

3 

4-5 

2 

1-2 

1- 2 

Pilot 

F 

F 

H 

H 

F 

F 

H 

H 

B 

c 

2 E 

1/ 2 

(j 

FULL 

1 /~ 

0 

FULL 

1/ 2 

3 E 

3 F 

3 

5 

3-4 

4 

'I 

2- 3 

4 

4 

2 

F 

F 

0 

G 

G 

H 

H 

c 
0 

Normal aircraft reapoue to eon&rol I..,.C. No o.erlllloGl or PI ....-.cie1. lie._... 
allelllly more dUYiclllt. 

Oaly ellpt MINdett• frot11 F LL • qM)IIatt.el 
dampl"' beca..ae L"Ontrol taek 11 el_..r Ill J DOP . 

He!pt eofllrol dllfk:11h . Ia ttatiOa ol traaaiM'- Ia faiM, wl&ll a •IW 
•Iicht tendeftcy to PI , wll ch - .. ,.. ....... 

., ... 
... a 

With p11t1, ability to e&lbUiu wu lllferlor wltll llllld to ... PIC) ...... 
el .. (IICR 

In tranelatln,at 15 lui or -re. at«wdo wae .co 
Hard hold 1'01 iool ill wi.JIIII OY9r I& lui. O.IMI 

Other COI'DJMIIII liallar lo 

Ability to hold I ral .....,cl rated Ill! riOr, '-"••-'' -r 

Abllit 
deer 

W..ed ••• rlded 

E bilit to llold latera! 

4 F 

2 

-3 

3 

3 

-3 

3-4 

8 

D 

E 

F 

G 

H 

Ab lit to lllitlate lid .. ra rMed .,..rlor. A l1ty to e&lblllu r.,.. • r 

.,..rl r to • 111M, w ,....Ire_. Ill" 
d ac:e-IM ,...Urad wt&ll 1-ral Yelocll • lllillal re _ 
PIO tadeiiC (IICII 5) . Good ..-,.dda ....... ,lllut 1111111 

at a!UWda relad r (ll Cll lj, 

taM! Ia ,re ... r diM for f-ard tr lat._, I.Utlal ....,._ 
PIO (aCII 1). lllaltll a& ..,... ,..... rea a .-11 

Tranala.tlon 11 ... uy aeeo..,.l.a.d. a..d ..-M 11 aa.ally ..,...,_...,.. _ .... 18M. 

Lateral tra.ula.tiotl reiN .... rk>r , 1111& la&eral ..... .._... to COIIII'OI diu ..,...N ...... 
R a tlftl c:leirade I IG E (II Cll 5-T) • 

lnlti t .on nd liutlor. ra.led I er r (RCII • I · Ab lily lo lera 
o tendenciee to erllloot or PI • re aoted. 
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TAtis m cuMMUTtuM or nurr RATIMM AND COMIüNTS FOR HOVER IN GROUND EFFECT 

n«ki 

tvit 

» » 

rvLt 

rvu. 

• in 

Mil. 

ruu. 

rt ii 

FULL 

Fl'LL 

Fl'LL 

FULL 

FILL 

% t 

it 

6-7 

film Comnml 

nrmtd «Mhto* wu iiotiii.» but !••■ notiMtbl* tku nifht. Combliwd lonfltudliul and lateral 
iwla proAio llaaailud body acMlaratloai rttlwr than auf ular ehangaa, which ii repraaenta 
•!•• tl ntgkl. tteadr »imia up to S ka do not dagrada Coopar ratlnf.  Hlfhar bead wlnda trimmed 
«llh dacta rated RCR 4,  Degraded ratine primarily due to uncomfortable attitude and lack of 
allek forte trim, rather than to a more difficult control taak. Head wlnda not trimmed with 
dweta aad lateral wladt above 5 kn rated RCR 6, 

Ueaeeal ckaracMrlatlea not unlike flight.  Stablllied hover IGE at approximately 3 ft (fairly 
rapfeaeeiauve),  BobUag eftool ahould be more pronounced.   Low-level x-y guata provide a 
lair raprreeatatlon of turbulence In ground effect. Rating without guata (RCR 3). 

gimulalor la repreeentetlve of X-2ZA except for guata and ground effect, which are not conaldered 
u be wall raprateated. Ratlaga apply to wlnda with guata applied. Slight guata with no wind la 
ground effect (RCR t).  Beat rapraaenlatlon of aircraft In ground effect waa made with 5 ka 
head wind and guat level ualng ducta to trim head wind, 

Ground effect with low-level lateral guata la rapraaeniatlve of flight.  Rapid daaceata cai. >» par- 
formed eaaler thaa vary alow daecenta, aa found In flight. Thla affect probably due to a 
dimlnlebed guat reapoaae cbaractarlatlc at reduced power. Rating given la with guata without 
(RCR ». 

Grauad cuahlon waa almulated approximately aa In aircraft.  Turbulence of low-level x-y guata 
la approximate rapreaentatlon of aircraft IGE.  

Rapid collective movement neceaeary to fly up through ground cuahlon.  Movement re- 
quired waa conaldered not eenaltlve enough. Hover In ground effect feele Ilka moderate tur- 
bulence.  Very uncomfortable.   Requlrea considerable pilot effort.  Ground cuahlon atrongly 
poaltlve.  Relatively rapid rate of deacant requited to deaeand through to touchdown la more 
than a^wcted. 

Altitude upeeie encountered IGE are moderate, stick activity la Increased. Oaaoant to touchdown 
pleaaant compared to experience In other VTOL aircraft. 

Random shaking and buffeting experienced IGE up to wheel halghta of about 10 ft. Strong, poaltlve 
ground effect noted below S ft.  Vertical landing taak moving quickly through ground effect 
(RCR 4).  Hover IGE and landing with 1/2 SA8 rated RCR t alnce angular parturbationa an 
noticeably larger than with FULL SAS and occurred with higher frequency. 

Lowering collective slowly Incraaeee ground effect expoaure and chance of PIG.  Roll-on 
technique decreaeee ground e(. ct expoaure time and reduces pilot effort required to land 
(RCR 3), 

Increased pilot work loed. Ground effect turbulent and poaltlve. Definite reduction In power 
required tn descend laat 5 ft. 

Developed WO In vertical axle twice during hover (RCR 9), which waa Improved by releaalng 
collective.  Possibly some pitch down when deacendlag Into ground affect.  IOE turbulence 
characlerlxed by lateral shuffle.  Strength of ground cuahlon la a aurprlae at flrat. Aircraft 
lends to atop deacant at 10 to 20 feet. Apprehenalon due to turbulence also contributes to alow 
deeoent. 

Ground effect characterlted by turbulence which maaka the ground cuahlon effect to large extent. 
Control IGE la eaaler under moderate steady-wind conditions.  (RCR 4 In steady IS-kn wind,) 
Slight negative ground effect occura Juat above the ground cuahlon, which tends to produce a 
stable hover height at about 15 feet. 
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TABLE XXIII . COMPILATION OF PILOT RATINGS AND COMMENTS FOR STE.,DY FLIGHT TASKS 
AT flXED OPERATING POINTS IN TRANSITION 

Taak Calle RCR Pilot Com menta 

LOI.Itudinal Trim BLFB 3 F Sliglitly mo~c stable ot A • 60 ' (RCR 3) than at 30 ·. (RCR 3.5) . Control activity normal. 
and Static Stability Control force a repreaentatlve. More eenaltlvE In pitch and roll and altcht tendency to 

PI In roll at 30 • 

3 H Roll and yaw activity high, pitch normal. Similar to aircraft. 

ALMB - F Neutral to sltchtly negative atabllity. Reaemblea fitcht. Occaalonal lateral o~~eil!Nion. 

BHFB - D Difficult to trim and hold altitude at A = 30'. Stability In trim seemed to be atable ; 
not •·epreaentntlve. 

- B Stability hard to tell from pitch force a at A = 0 ' . Seems to be a noaedown drift In 
pitch trim. 

FLIGHT 2.5 B Difficult to trim. Static stability at A = 60° aeemed neutral (RCR 3). Stability Mama to 
vary slight! with angle of attack. Near-neutral etlck-poaltlon atablllty at A= o• 
indicated by small orces required to cbanp apeecl (RCR 2). 

4.5 D Static etablltty at A = 45°, so•, and o• Ia neutral to mildly negative (RCR 4, VFR; RCR 6, 
IFR). Acceptable for VSS reaearch vehicle. 

5 E Ability tc. hold spe-elflc trim point Ia difficult. Static atabillty neutrr.l to neptlve. 

3 F Neutral to negative static stability. Difficult trim. 

Stntlc Directional BLFB 3 F Maximum sldeallp limited by simulator scaling; otherwise repreuntative of fitcll&. 
Stability Positive static atablltty. 

ALMB 5 F Positive static stability but not aa good a almulatton aa BLFB due to lnatrumentatlon 
allll computer difficulties . Lateral-directional control lorcea p~~ally repre-tatlft. 

BHFB 3 B Poaltive atatlc etablllty. Maximum eldeallp at approxlmataly a•. Poor almulatlon 
prll'\&rlly due to yaw trim drift and Inadequate f2W dlaplaya. 

FLIGHT 4 B Statically atable at A = 0 •. Poatttve dihedral. Low atablllty at amall aldeallp &JIIlea I 
at A = 60°. 

4 c Low directional stability at A= 45°. 

D Difficult to hold small aldeallp &~~~lea at A= o• and 30•. Neutrally atable for ±2'; stable 
at htcher aideallp angles. Steady aldeallp made to 10-l/2•at !. "'-45°. Sl~ duct buzz 
above 5 • aldeallp. Noaeup pltchllll moment with aldeallp noted. 

E Neutrally atable at amall qlea of aldeallp to ±2-1/2•. Stable above . 

3 F 

Banked Turns BLFB 3 F Reaponee to control Inputs Ia normal to faat and comparea well with fltcbt. Sltcbt to mUd 
tendencies to overahoot and PIO roll are noted at ). = ·30"; control forcea and motlona 
comparable. . 

3 H More difficult t J perform at bank qlea creater than 20• (due to Hmltalion In 
simulator scaling). 

ALMB 3 F Task performed In 100:1 motion scallnc almllar to aircraft. IFR lndlcatea motion due 
to r oll control approximately aa In aircraft. Attltudea repreaentatlve, but c'a do not 
feel right. 

BHFB - D Generally good repreaentation of aircraft. ReapoDH to roll-In aeema about rtcbt. Static& 
do not Nem right. Flleht requires more rudder. Tendency to alt at al out 2° aldeallp 
is same as aircraft. 

FLIGHT 4 B Greater effort required to coordinate tut"lla than usual for conventional aircraft. Turna 
entered with stick only exhibit lllltial adverae aldeallp which ch8JIIea and becomea 
favorable as turn progreaaea. 

4 c Rudder forces too high for stick at A = 30°. Turns eaaie.- at A= 80° (RCR 3). 

3 D Rudder required is proportional to bli lll< angle. Smooth turn entrlea and recoveries 
obtained by leading Intern) r ontrol with ruddo!r. No side force cue aa to amount of 
rudder required. 

4 E Rating given overall. 
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TABLB XXIV,   COMPILATION OK PILOT HATINOS AND COMMENTS foH DYNAMIC  1 I.KIHT TASKS 
AT KIXBD OPEHATINC. POINTS IN TRANSITION 

Talk Cm IICR Pilot Comment 

l^mi-IVrh«! 
Loi«ltudlMl 
Dviumlc «"Hie 

m.m 4 

3 

F 

F 

NonMOlllatory dlvorKunt motiun ill »   'Mi ■  Hllghtly illvurgiml mwcuii ami duwn ( >   u i. 

Nonoaclllr.toiy iwuliahil *    «o'. 

■ 

ALMB S F NonotcPlatory allghtly illvurnunl and undBrri.impi'il miillun at   >    30 .   Ri'sumlilu fllKht. 

BHFB 4 

6 

S 

C 

D 

B 

Nonoaclllatory divergent motion at *    30". 

Slowly divurnent from trim iMith noaeup   anri nosedown   :it  *    30l.   (Jualtly ol simulation 
rated fair.   LonK-tortn dynamics vary with duel anulu .is thi-y do in tht' aifjilaiu1. 

Slow to diverge at *   0°. 

FUOHT i 

4 

B 

C 

D 

E 

F 

Motion waa nonoaclllatory divergent at A    o" with i-ueovery iniliatod aftor .'(i-cc nnsi-- 
down and fiO-sec nost>u[i for an equal change in pilch attitude. 

Neutral with hnnds-off in trim at A - (in*. 

Mildly divergent from irim both noaeup and noscdown al X    :)"   111(114).   Faster 
(Ilvvrguncü at A    0^ (HCR ti) possibly due to more out-of-trirn condition. 

Motion appeara to lie divergent at X ■ 13°. 

Short-Per lud 
Lunjltudinal 
Dymmlc Mode 
(Sharp pulM-typ* 
pitch Input) 

BLFB 3 F Nonoaclllatory convergent well damped at A    30°. 

ALMB 3 F Nonoscillatory convergent well damped at A    SU0. 

BHFB 3 

4 

B 

D 

Well-damped short period at A    üL.  Only apparent motion is long-term divergence. 

Nonoaclllatory convergent at A - 30'.  Quality of simulation rated poor. 

FUOHT 2 

3 

l 

B 

D 

E 

F 

H 

Heavily damped In 1/4 to 3/4 cycle at A • 0°.   Nunosclllatory ovcrdamped at A    HO',   At 
the most, there is maybe one overshoot. 

Nonoaclllatory convergent at A - 30^ and U*.  Did not particularly like it, probably because 
of the high sensitivity. 

Oaelllatory convergent well damped at A    30*. 

Essentially deadbeat. 

Deadbeat at K= 30'. 

Lateral-Directional 
Dynamic Mode 

BLFB 1 F Nonoaclllatory convergent well damped at A    0  , 30', and 80". 

BHFB - D Two techniques uaed to excite motion.  Quality of simulation judged to be fair for release 
from steady sideslip, and good for rudder walk technique. 

FUGHT 

5 

3 

3 

E 

D 

B 

F 

H 

At Aa 15*, 22° motion Is damped oscillation with a period of approximately 5 sec. 
Lateral-directional mode easily excited by walking rudders. 

Directional mode as excited by release from steady sideslips and rudder walking was 
quickly damped.   Persistent lateral oscillation with approximatuly an s-sec period 
present at A ^ 30'', but not at O1',   No coupled motion noted at 0' (RCR 2).  Oscillation 
moderately damped at dect angle 45 , 

Croascoupled spike seems to be the best test technique. 

Motion appears to be oscillatory at 0" duct angle and damps in approximately i-:i/4 cycles. 

Directional oscillation is damped (RCR 3),   Lateral oscillation persists at small 
amplitude (RCR 5), 

At A- 30'', flight control not difficult; rudder kicks performed while maintaining bank 
angle within lie'. 
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TABLE X*V.   COMPILATION OK PILOT RATIN«« ANÜ COMMINTf FOR CONTINIIOII8 CONVEHSloNS AND MCCOMVIBBOM 

Cine 

HHUi 

Flight 

RCB 

7.5 

Pilot Commenl 

Duct» were routed down Inlermltlenlly in Inlervile ■>( •ppruxlmalaly I ••■> with fuRrlage tttilude told 
level. Ltrge height viriation end eKcenelve pitch trim chimrn »ifierlencecl    Latenl control motion wn 
high.   Heidlng hold difficult due to dmplav.   Hapid ataady-rate converaiona were difficult to alabllli*. 
Overall runtrol performance rating lor converaiona waa below average (RCR    .   Pilot work load In 
tranalllun waa rated high.  Ability to Initiate and terminate converaiona and reconveraiona waa rated 
average, and control reaponaea during theae taaka were normal (IK H 3). 

Several converaiona and reconveraiuna were made ualng duel mutlun both intermittently and at maxlmuir 
contlnuoua rate (RCR 4).   Collective stick and thruat rotation rated (RCR 2-3|    Pilch trim too alow 
(RCR 3).   Yaw control rated RCR 4. probably due to preatntatlon which waa not conalderad to be good 
for IFR.  Either roll reaponae aeemed to be alow or lateral atlck force waa high (KCR 4), but roll con- 
trol waa O.K. (RCR 2|.   Pilot work load rated high (RCR 4-51. 

Initially during reconversion, thruat control I» uaed eaaentlally aa a height control; aubaequently aa a 
apeed control. The croaaover point in uae of thruat control la hard to judge (RCR 7) becauae height 
cuea are poor (RCR 6). Pitch «tick waa used to keep fuaelage attitude level. Pitching moment required 
waa conaldered to be too high and pilch rnnlril rated RCR 0, Roll control required too much effort: 
roll aenaitivlly and damping rated poor (RCR 7). Yaw eunirol uaed to hold courae (RCR 3). Overall 
work load (or reconveraion rated exceaaive. 

Conversion and reconveraion trim and attitude change« provided reaaonable Indicatlona and cuea. 

Use of collective to maintain altitude more difficult during reconveraion. Thruat rotation al pllot'a dla- 
crelion. Pilch attitude difficult between A o'' and JO' due lo large trim change. Roll and yaw control 
O.K.   Conversion. HCH .I; reconversion, RCR 4. 

Conversion from A > 90° lo .10° made with fuselage level.  The sense of horizontal acceleration win iur- 
prialng. aa normal pilot tendency is lo lower the none to gain speed aa learned In helicopter training. 
Duct rotation switch on collective slick la good.   On rotation from A - 30° to 0°, the fuaelage attitude 
had to be increased, which complicated the pilot task.   The conversion was rated difficult. 

For reconversion, ducts were rotated from A - 0° to A-43°.  Speed icaponae lo duct rotation waa im- 
mediate.   Rapid noseup trim change requires nosedown control.   Reduced collective necessary to 
prevent climb.  As ducts rotated further to 90° aircraft stability Increased in pitch and roll. 

Acceleration rapid and comfortable In fast conversion to A -20 .   Further conversion resulted In strong 
requirement for full-up collective and nose-up attllude which was not sufficient lo level off at 130 kn 
and A-0°. 

Fast reconversion al constant collective results in rapid climb (RCR 4).   Reduced collective la required. 
Reconveraion from A" 30° to 90° more manageable.   Increased collective at > ■ 90° obvious and 
easily accomplished (RCR 3). 

In conversions, a significant reduction In power is required at about A =60°.  Strong noseup pilch change 
noted and rated excessive (RCR 6) because retrlm effort is added to already high work load. Duct bull 
evident between A   70° and .')<)".   Height controlled without ilifficulty (RCR 3).   Maximum rate conversion 
easier to perform.  Overall rating for fast conversion. RCR 3; for slow. RCR 4. 

In level reconversions, considerable difficulty experienced between A «0* and 30° in holding pitch 
attitude, partly due to lack of good visual attitude cue and partly due to trim change.   Changeover from 
using collective for speed control to collective (or height control was difficult to phase.   Judgment of 
closure rate and deceleration to stop at selected spot was difficult.   Reconversion not rated overall. 

In both slow and rapid conversions, Initial noseup trim change noted between A- 90° and 70°.  Eaaentlally 
no large pilch changes noted between  A= 70° and 30°.   Further rotation lo A= 15° results In significant 
nosedown trim change, requiring attitude trimming.   Between A H 15° and 0°, tliore is a continuous re- 
quirement for up collective ind aft rctrimming, and a lateral PIO tendency was noted during alow con- 
versions. 

In reconverting, an initial l<allooning (climb tendency) noted with duct rotation cauaes high work load, 
which decreases again cntil ducts near 90°.   Work load Increases again in hover.   Rapid conversions 
and reconversions are easier to perform because pilot cues are more apparent (RCB 3).   Slow (RCR 5), 

Descending reconvesion with alow duct rotation and aircraft altitude monitoring easily performed 
(RCR 3).  Work load rated low compared to level maneuver.  Trim changes obvloua but not objectionable. 

Conversion performed from stabilized hover by beeping ducts in A    70   and rotating continuously there- 
after.   Collective used to control height and slick for fuselage attitude for level conversion; none rotated 
up and collective added from about 100 kn (I.e., between A= 15° and 0°).   Conversion easily accom- 
plished (RCR 3),  Pilot work load rated average.   Forward stick required in early stage of conversion 
is undesirable for IFR    This characteristic is typical of helicopters, but their stick requirement doea 
not reverse as speed Increases.   Rolling turn during conversion improves visibility and makes maneu- 
ver acceptable.  No lateral heidllng problem noted, even though conversions were made In 90° 
crosswind. 

Reconversion predictable and repeatable using moderate beeping of ducts initially from stablllied flight 
si 120 kn, A -0°, and continuous duct rotation on approaching hover point.   Large and rapid application 
of thruat required when entering hover.   Difficult to tell position of ducts when concentrating on landing 
target.   Reconversion is similar to helicopter "quick-stop" maneuver but without high noseup attitude. 

Conversion from hover to A» 30   Is RCR 2; it is RCR 4 from A =30   to 0   due to larger trim 
and power changes.   Reconversion from A= 30° lo hover, RCR 3. 
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i 
APPENDIX m 

CORRELATIONS OF SIMULATOR STATIC AND DYNAMIC 
RESPONSE CHARACTERISTICS WITH FUGHT 

In order for an aircraft to be adequately simulated, the individual aerodynamic 
and control system parameters must be represented to a tolerance within the 
threshold of pilot sensitivity; that is, his ability to detect a difference. Although 
this degree of accuracy in the representation of stability and control parameters 
is a necessary condition, it is not a sufficient one, since there are many other 
elements of the simulation that can cause the handling qualities to be mis- 
represented.  Most of these other elements have been discussed elsewhere in 
this report, and this appendix presents comparisons and evaluations of the 
simulated static and dynamic stability and control characteristics with flight 
as an indication of the degree of fidelity of the different simulations. 

Data presented were taken from thf> recorded time histories of significant flight 
parameters and include examples of control position and attitude stability and 
trim in hover and transition, the trend of control position ivith velocity in con- 
tinuous transitions, and time histories of dynamic motions and responses to 
control inputs in hover and at fixed operating points in transition. 

STATIC STABILITY AND CONTROL CHARACTERISTICS 

This section presents comparisons of the static stability characteristics of the 
different simulators with flight. Results show that the fixed operating point 
static derivatives are reasonably representative of flight for all simulators. An 
exception is the value of Lv, used in the BLFB and ALMB simulations, at 
A = 30°, 80 kn, which slightly exceeded the usual range of pilot tolerance to this 
parameter; however, the fact that this difference went undetected, by the pilots, 
indicates that these simulations were also adequate. 

Fixed Operating Points 

Static characteristics are best compared by plotting stick position and physical 
attitude as a function of velocity. Differences between equivalent cases are 
evaluated by solving and comparing the static equations of motion in the steady 
state, and relating differences in simulated flight cbaracterfsties to the pilot 
judgments of flying qualities as interpreted from the pilot comments received. 

Hover 

The static longitudinal parameters of pitch attitude 0 and stick position 8pS are 
presented in Figure 9, as a function of velocity.  Simulator and flight data 
appear to be in reasonable agreement; an evaluation of the longitudinal equations 
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, 

of motion for steady forward flight iidicates that the individual terms are 
adequately represented. 

The longitudinal force and moment equations in steady forward flight are 

X u 
u 

+ X w + Wsino=0 
w 

(109) 

Z u 
u 

r    T "i 
+ Z  w+     1-—    Wcosfl 

w       L       W J 
= 0 (HO) 

M u 
u 

+ Mw + M.       8ps = 0 
w           8 

(111) 
ps 

Because height damping in the X-22A is low and «pilot comments show that there 
is virtually no pitch attitude coupling with height control, the height equation 
(110) is uncoupled from the longitudinal equation (109) and the pitching moment 
equation (111) and can therefore be neglected in evaluating Figure 9.  Therefore, 
pitch attitude can be obtained directly from equation (109) and is given simply 
by 

= sin e 
-X u 

u 
X  w 

w 
W 

(112) 

Since, at very low speeds, the Xw term in the X-22A is zero, this equation 
further reduces to 

I    "X u 

» - sin"    (-^-) (113) 

By substituting corresponding experimental values of u and 9 into equation (113), 
the value of the Xu term used in the simulation programs can be shown to be 
reasonably correct.  In the same manner, since Mw in the X-22A is zero in 
hover, equation (111) can be evaluated to show that the simulated values of 
M .      and M   are reasonable representations of flight, 

ps 

Static lateral parameters of bank angle ^, and roll stick position 8rg, from the 
different simulation programs, are compared with flight results in Figure 10, 
as a function of lateral velocity. These results can bo evaluated in terms of 
the lateral force and moment equations which, in hover, are essentially in- 
dependent. 
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The steady-state lateral equations are simply 

Y v + W sin « = 0 
v 

(114) 

L v+ L ,      8      = 0 
v 8        rs 

rs 

N v+ N,    8=0 
v 8      a 

a 

(115) 

(116) 

From the side force equation (114), the bank angle can be expressed as 

^ = sin 
i     Y v 

■1      y 

W 
(117) 

In Figure 10, the experimental trends and levels of bank angle with lateral speed 
from all simulations are shown to be in reasonable agreement with flight. Sub- 
stitution of corresponding values of speed and bank angle in equation (117) 
indicates that the Y  term is adequately represented. 

From the rolling moment equation (115), lateral stick position can be expressed 
in terms of the ratio of L /L , 

rs 

rs 

L v 
v 

rs 

(118) 

Experimental data for lateral stick position from the BHFB are in reasonable 
agreement with flight, but results from the BHFB differ appreciably. Since 
control power levels were the same in all simulations, this difference is 
attributed to an inadvertent misrepresentation of L,, in the BLFB and ALMB 
simulations, which used a value of -0.056 (rad/sec2)/(ft/sec) instead of -0.0394, 
as quoted in Reference 12 (which gives a much closer representation of the 
experimental flight results).  It is interesting to note that the pilots were ap- 
parently insensitive to this difference since they did not detect and comment 
on the different characteristics.  The expression for pilot tolerance to Ly from 
page 93 of Reference 12, 

AL   = 
v 

= ± [o.6 + 6(Lv )J (rad/sec )/(ft/sec) (119) 
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defines the threshold of pilot sensitivity about Ly ■ 0.0394 as the range of 
values from -0.025 to -0.054 (rad/sec2),   t/sec). Since the value of -0.056 used 
in the BLFB and ALMB program Is only slightly beyond this range and since the 
effects of the difference were undetected, the representation of Ly as performed 
Is considered to be adequate. 

Transition, X= 30° 

The stick position required for equilibrium level flight at various trim speeds 
and the stick-position stability within ±15 kn from trim are presented in 
Figure 11. The simulation results were obtained from the BHFB simulation 
and show very good agreement with flight for trim speeds of 90 and 120 kn. 
The gradient of the stick position with respect to speed for the 80-kn trim 
evaluation is greater for simulation than it is for flight. However, the gradient 
has the proper sign, which is important in evaluating stability. The maximum 
error in stick position of 1/2 inch was probably Imperceptible, because pilot 
comments indicated that the simulator was much like the aircraft. 

The lateral-directional static stability parameters of 8r8, 8 , and 4> are pre- 
sented in Figure 12 as a function of sideslip angle. These data show generally 
good agreement with flight for the BHFB and BLFB. 

Continuous Conversion and Reconversion 

Continuous transitions at constant altitude can be made for an infinite variety of 
combinations of the independent variables, which include X, 6 , 8pS, 8TC, and 
V, so that there is no unique correspondence of parameters, and quantitative 
comparisons of several continuous transitions are difficult to make. Figure 13 
presents a comparison of several conversions and reconversions performed in 
both the aircraft and the simulator.  The characteristic forward stick position 
to maintain an equilibrium speed in midtransition is clearly shown.  While none 
of the simulated transitions have an exact counterpart in flight, they all exhibit 
similar trends, and the range of variation amoung the various parameters is 
approximately the same in the BHFB as it is in flight. 

DYNAMIC STABILITY CHARACTERISTICS ANALYSIS 

This section presents comparisons of the dynamic response time history 
records of important parameters for the different simulators with flight.  Re- 
sults show that the aircraft dynamics were reasonably well represented in all 
simulators, and that the extent of the differences shown by the data was for the 
most part within the scatter of the pilot ratings and comments received. 
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Comparisons in hover are presented for dynamic characteristics in pitch, roll, 
yaw, and height. Comparisons at fixed operating points ill transition are given 
for the inherent longitudinal and lateral-directional dynamic responses, and for 
the short-period responses to pitch and roll control inputs. 

Heigtt Dynamics In Hover 

Respc nses of the different simulators to step inputs of the collective stick are 
compared with flight results in Figure 14. Height control iJll)uts are shown to 
command an acceleration response in all simulations as in flight. Typically, 
tbe response to the input is a relatively undamped acceleration, which can be 
stopped only by a corresponding input in the opposite direction. The inherent 
height damping of the X-22A is very low, and since there is no augmentation in 
this axis, the pilot must provide his own dam. ing by anticipating the response 
with the collective stick. In rough air and in ground effect where the vertical 
mode is continually excited, these control characteristics. are quite sensitive to 
pilot-induced oscillations. In the opinion of all pilots, the height control mode 
as simulated was representative of flight. 

Pitch Dynamics In Hover 

Responses of the different simulators to pulse-type pitch stick inputs in hover 
are compared with flight results in Figure 15. Results in all simulators are 
shown to be very similar to flight. The delay in pitch attitude response appears 
to be less than 1/4 sec in all cases, and pitch rate returns promptly to zero 
with negligible overshoot. The residual pitch rate oscillation evident in the 
flight results was caused by pitch stick inputt:~ during the recovery maneuver. 

Responses to step inputs in pitch for the different simulators in hover are com
pared with flight results in Figure 16. The response in the BLFB agrees very 
closely with the flight response. The difference seems to be in the rate with 
which pitch rate returns to zero. From comparable initial pitch, the pitch 
rates and the BLFB returned to zero in 6 sec, whereas the aircraft returned in 
3-1/2. This difference may be the result of external disturbances such as gust 
effects in the flight .results or a difference between the simulated and the true 
aerodynamic damping. In the ALMB, the longest available step input was sus
tained for approximately 2 sec, which is not time enough for the full oscillation 
to develop. However, longer steps could not be sustained without exceeding the 
limits of the flight cube. Comparable data from the BHFB simulation were not 
available. Pilot comments for longitudinal dynamic response in hover indicate 
that all simulations were well representative of the aircraft. 
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Roll Dynamics In Hover 

Responses to pulse-type roll stick inputs for the different simulators in hovar 
are compared with flight results in Figure 17. Responses in all cases are 
similar.  Discrepancies can be accounted for by differences in the initiating and 
recovery inputs to roll stick.  The flight record of roll angle differs from the 
BLFB in the time it takes to return to zero.  This difference is attributable to 
the over-recovery indicated on the roll stick trace. 

In the BHFB, the lag of the roll angle response of about 0.2 sec appears to be 
slightly greater than for the other cases, but the response is still very fast.  In 
this case the roll angle continues to increase instead of returning to zero, but 
this action can be traced to the action of the roll stick, which does not recover 
completely and continues to feed a residual roll acceleration to the system. 

Responses to step inputs in roll for the different simulators in hover are com- 
pared with flight in Figure 18.  These responses appear to be excellent in all 
simulations.  The amplitudes of roll rate and angle are in direct proportion to 
the size of the input, and the time to damp agrees well with flight.  In all cases, 
the delay in roll angle response appears to be less than 0.2 sec.  Comparable 
data for the BHFB simulation were not available. 

Yaw Dynamics In Hover 

Responses to rudder pedal step inputs for the different simulators in hover are 
compared with flight in Figure 19.  The agreement among cases is actually very 
reasonable, although at first glance the results appear to be different. The dis- 
crepancies are explainable in terms of the limits of SAS authority in the yaw 
axis, which was 32 percent of maximum yaw control power in the aircraft, 24 
percent in the ALMB, and unlimiU'd in the BLFB.  The SAS operates to drive 
yaw accelerations to zero in proportion to attitude rates within the limits of its 
control authority.  Because SAS authority in the BLFB was unlimited, the result 
shown for the BLFB is a typlcallv unsatnratad SAS response.  In the ALMB, the 
response shown is saturated, and the yaw rate is seen to continue its climb, tn 
this case the input was sustained for only 3 seo, but If it could hsve been held 
longer, the rate would have gradually leveled off under the influence of sero- 
dynaraic damping. The difference in saturated and unsatursted SAS charac- 
teristics is compared directly by flight results for two different-slxe yaw con« 
trol Inputs. The ssturated SAS Input Is ths result of s pedal reversal maneuver 
rather than a step Input, but the comparison "hows the beslc difference In 
rettponse between saturated and unsslursted SAS esses and demonstrstes thr 
similarity of reapunse between suralsior« and fllghl.  For all maneuvers 
requiring les« than the HAS saturation level (Mhich include» mo»i urdiiuiry 
maneuvers), all slmulslors have similar dynamics tad art directly compsrsble 
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to the aircraft. Results agree with pilot comments and show that response is 
fast, with small inputs producing a rate response and large inputs producing an 
acceleration response. Accurate representation of these cbarncteristics, which 
are most noticeable with motion simulation, requires mechanization of the limits 
of authority of the SAS. Comparable dynamic response time history data from 
the BHFB simulator were not available, but the characterj sties were similar, 
and the yaw SAS authority was implemented at 24 percent. 

Longitudinal Long-Peri~d Dynamic Mode at Fixed Ope ·ating Points in Transition 

Time history records of the long-period dynamic motion in the different simu
lators are compared with flight in Figure 20. The motion shown is an extended 
hands-off time interval starting from initial trim at A= 30° , V = 80 kn. Since 
the task was hands-off, stick position was constant and is not shown. 

The mild divergence of the long-period mode, which is characteristic of the air
craft, is shown to be well represented in all simulators. ln the ALMB, the 
presence of an initial rate of climb, li, explains the difference between the 
altitude traces. The faster rates of response obtained in the BLFB were caused 
by control inputs at the beginning of the maneuver, which are evident in the pitch 
attitude, I , and the rate of climb, li , traces. At other duct angles and trim 
speeds, the simulations were equally comparable with flight . The rate of diver
gence of the long-period mode has a graduaay decreasing trend with increasing 
duct angle and decreasing speed. At 60° duct angle and approximately 45 kn, 
the stability appears to be neutral. With reduced SAS or at speeds away from 
trim, the rate of divergence is increased. 

Longitudinal Short-Period Dynamic Mode at Fixed Operating Points in 
Transition 

Time history records of the short-period dynamic response to step-type pitch 
control inputs, in the different simulators and in flight, are compared in 
Figure 21. Motion characterist.ics are shown to be similar for all cases. Rate 
response to the control input is very fast, highly damped, and in proportion to 
the size of the control input, as measured from the initiation of the control 
motion to the peak of thP. rate response trace. The rest of the time history 
shows the residual steady pitch rate which follows the short period and which 
is established as a result of the sustained control input. Differences in the 
magnitude of the residual steady pitch rate and in the development of the pitch 
attitude trace, relative to the size of the control inputs for the different simu
lator cases compared to flight, can be explained in terms of the pitching moment 
equation, which for a constant pitch rate reduces to 

M & +M w+M u+M q::;:O 
3 ps w u q 

ps 
(120) 
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Since the phugoid ~d short-period responses have been shown to be similar to 
flight, it seems reasonable to assume that the aerodynamic derivatives are 
adequately represented. In all simulator cases shown in Figure 21, the control 
inputs are initiated from equilibrium flight ( I = 0). For the flight case of 
Figure 21, the control input was initiated from a condition of nonequilibrium 
(II 0); the size of the control input, while proportional to the initial rate change, 
is not consistent with the residual pitch rate developed. A further indication of 
the initial nonequUibrium condition of the flight case is given by the comparison 
of nz, which was zero in the ALMB case but negative in flight. Since nz =-~ 
and Mw is a negative quantity, the Mv.'w term has the opposite sign of w. In 
the ALMB case, w is always positive, and this term contributes positive pitching 
moments that oppose the damping. In the flight case, since nz changes from 
negative to positive during the maneuver, this term contributes less positive 
pitching moments, and, in the final stages of the maneuver, it actually reinforces 
the damping term and accounts for the reduction in the residual pitch rate which 
is out of proportion to the control input. 

Lateral Control Response at Fixed Operating Points in Transition 

Time history records of the response to step-type lateral control inputs in the 
different simulators are compared with flight in Figure 22. Simulator results 
shown are for a typical fixed operating point condition, .\ = 30°, V = 80 kn, as 
compared to closest comparable flight data point. Results from all simulators are in 
good agreement with flight . Roll rate responds immediately, builds to a peak 
value, am re'!efi~s again to zero whUe the roll attitude developa and becomes 
constant. In tbe BLFB, the control input was not sustained long enough for the 
rate to reach zero, which explains why the attitude trace does not level off. 
These r~sults generally confirm the pilot's comments and judgments of lateral 
control response in transition. 

Lateral-Directional Dynamic Mode at Fixed Operating Points in Transition 

Dynamic response time history comparisons of the BLFB and BHFB simulators 
with flight are shown in Figure 23 for a release from steady sideslip at .\ =30°, 
V = 80 kn. Comparable data for the ALMB are not available because of diffi
culties experienced with the computer program. Although all three responses 
are oscillatory, t!tey differ noticeably in several respects. The BHFB respons.e 
bears the most resemblance to flight, as it has approximately the same fre
quency, but it is lightly damped· compared to the nearly neutral stability of the 
aircraft. The BLFB response is most highly damped with a lower frequency 
and very little yaw-roll coupling. The aircraft itself appears to be neutrally 
damped, probably because the side force and directional stiffness parameters 
are not as large as estimated. In view of these differences, it is considered to 
be significant that the pilot ratings and comments for this task did not vary more 
widely among the different simulations and as compared with flight. 
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